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General
Introduction
N. Kakava-Georgiadou1

1 Department of Translational Neuroscience, Division of Neuroscience, UMC Brain Center, University
Medical Center Utrecht, Utrecht University, Utrecht, The Netherlands

In the great, grand scheme of things,
we're just tiny specks that will one day be forgotten.
So it doesn't matter what we did in the past
or how we'll be remembered.
The only thing that matters is right now,
this moment.
This one spectacular moment we are sharing together.

Introduction

Classification of brain cells
The brain is comprised of billions of cells, interconnected with trillions of synapses sensing
cues, emotions and orchestrating complex behaviours. Understanding heterogeneity in the
brain, by defining cell types and attributing physiological properties to them, will help us
unravel how the brain works and develop new therapeutic strategies. This is illustrated by
the fact that the pathophysiology of certain diseases is driven by specific cell types; such as
the loss of orexin neurons in narcolepsy or dopamine neurons in Parkinson's disease [1], [2].
Additionally, defining cell types enhances the reproducibility of experimental observations
when the classification is universally agreed upon. Classifications also facilitate genetic access
to the cells, meaning that we can use their defined features - for example, marker genes - in
order to properly target them with genetic tools. Gene delivery in the cell population of choice
allows us to investigate their morphology (with microscopy), physiological properties (with
electrophysiology and fiber photometry), connectivity (with viral-assisted brain mapping)
as well as their role in development and physiological behaviours (with overexpression and
knock-out of certain genes or temporal and transient modulation of neuronal activity). Gene
delivery is also used for lifelong treatment of diseases with gene therapy.
In 1899, Ramon y Cajal made the first attempt to classify brain cells based on morphology
and was able to distinguish different types of neurons and glia [3]. Since then, with
emerging technological developments in microscopy, histology, electrophysiology, gene
delivery and molecular profiling, researchers have greatly improved classifications of brain
cells. In many cases it is difficult to define the fine line between cell types; after all every cell
is unique. Even though broad distinctions between brain cell types are easily made (e.g.
neurons, astrocytes etc.), researchers are in need to more deeply understand heterogeneity
in the brain (as reviewed in [4]). In the recent years, huge efforts are made globally towards
understanding brain heterogeneity, such as the American Brain Initiative, the European
Human Brain Project and the Chinese Brain Project.
Classifying brain cells is mainly based on 5 features: 1) The morphology of the cells,
which is based on soma size, dendritic and axonal features and branching patterns, 2)
The electrophysiological properties of the cells which is based on the resting membrane
potential and firing rate, 3) The expression of marker genes, either at the RNA level or
the protein level, which is defined either by histochemical assays or by RNA sequencing,
4) their location in the brain and 5) their connectivity [4], [5]. There are also other types
of classifications, such as categorization of cells based on their synaptic properties, which
are more difficult to implement due to technical difficulties and lack of high-throughput
laboratory techniques.
In this thesis, I aim to better understand brain heterogeneity with a focus on cells that are
involved in energy balance and food reward as well as develop and optimize techniques in
order to gain genetic access to these cells. I also discuss how to bridge classification of novel
cell types with investigating their function.

Molecular profiling and genetic targeting of brain cells
RNA sequencing for molecular profiling and classification of brain cells
A popular and reliable method to investigate brain heterogeneity is RNA sequencing,
which provides information about the whole transcriptome and can be applied to a brain
region, a specific cell population or at the single cell level. Many different cell dissociation
protocols and sequencing technologies exist, the application of which can vary depending
on the brain region, cell abundance, developmental stage and the desired sequencing
depth. For example, when researchers desire to sequence a particular cell type, they can
use a transgenic animal expressing a fluorescent protein in the cell population of interest,
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dissociate the cells into a single-cell suspension and either manually sort (e.g. [6]) or FACSsort (e.g. [7]) the cells that are fluorescent and pool them. Then, they can purify the RNA
and create cDNA libraries which undergo next-generation sequencing (NGS). They can
map the reads onto the organisms' reference genome and acquire a list of genes and the
expression level of each gene.
It has been quite challenging to dissociate brain tissue compared to other tissues. Factors
that influence cell yield and viability are the high interconnectivity of brain cells, the time
frame in which the cell dissociation is done as well as the presence of debris particles from
fragmented neuropil and myelin, which is especially high in the adult brain [8]. Moreover,
especially in the case of single-cell RNAseq, due to the low RNA level of brain cells (1-10
pg), isolating healthy cells is very important. Therefore, identification and sorting of rare cell
populations becomes challenging.
TRAP-Seq for molecular profiling of rare cell populations
A technique that is very efficient in isolating RNA from rare cell populations is TRAPSeq [9]. To this end, either with a genetic cross between transgenic animals or with an
injection of a viral vector locally in a brain region, cells of interest are targeted with a
ribosomal unit fused to the protein GFP which results in the expression of a high number
of ribosomes carrying the GFP tag. When the brain region is dissected and the TRAP
immunopurification protocol is performed, GFP-tagged ribosomes together with the
bound translating mRNA are pooled by GFP antibodies (Figure 1a). Subsequently, the
RNA is purified and sequenced. This technique has been used extensively in the brain,
for example in the hypothalamus [10] and also in combination with viral vectors (viral
TRAP) to achieve additional anatomical specificity [11] as well as in a projection-specific
manner [12]. In Chapter 2, we use viral TRAP to target leptin receptor-expressing cells
in the lateral hypothalamus, and we use a modified protocol for single-cell sequencing
(CEL-Seq2) in order to amplify and sequence RNA from a rare cell population.
Single-cell RNA sequencing for classification of cells
While TRAP-Seq is useful in exploring the expression profiles of rare cell populations,
it misses single-cell resolution. In 2009, it was the first time that the transcriptome of a
single cell was sequenced [13]. Since then, there have been massive advances in the field
of single-cell RNA sequencing (scRNAseq), in efforts to scale up the amount of cells and
sequencing depth [14]. Regarding the collection of cells, besides manual sorting and FACSsorting of cells into well-plates (Figure 1b), both of which remain low-throughput, it is
now possible to sort and sequence hundreds of thousands of cells with the emergence of
microfluidics [15]. In Chapter 3, we use FACS-based sorting in order to sort hypothalamic
LepR-expressing cells into well plates and perform RNAseq using the CEL-Seq2 protocol
[16].
Following sequencing of the cells’ transcriptome, cluster analysis allows to identify
subtypes based on their molecular signature. However, there is always a trade-off between
the number of cells sequenced and the sequencing depth. When big, unexplored brain
regions need to be investigated, a high number of cells (thousands) could be combined
with a low sequencing depth, in order to identify major cell types. When exploring cell
types defined by a marker gene, a low number of cells (hundreds) can be combined with
high sequencing depth [5], which allows the identification of rare cell subtypes within the
population or a further dissociation into subtypes. The recent advances have also made
it possible to combine multiple readouts from a single cell: genomics, transcriptomics and
epigenomics [17]–[19] as well as identify different RNA isoforms and splicing sites [20].
Finally, pairing scRNAseq with other techniques such as electrophysiology (Patch-Seq)
[21], single-molecule FISH (MERFISH) [22], [23] as well as calcium imaging [24] brings the
potential to bridge the outcomes of different classifications methods.
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Figure 1 Two examples of RNA sequencing of specific cell populations. A. TRAP-Seq, during
which specific brain cells (marked with the red outline) are targeted with GFP fused the
ribosomal unit L10 (GFP:L10) which integrates in the cell’s ribosomes. Therefore, when the
GFP-tagged ribosomes are pooled with GFP antibodies, the translating mRNA is separated
from the mRNA bound on the non-GFP-tagged ribosomes and the two fractions can be
sequenced, revealing differences between the GFP+ and the GFP- population. B. Single-cell
RNAseq, during which tissue from a transgenic animal expressing a fluorescent protein (e.g.
tdTomato) in the cell types of interest, is dissociated into a single-cell suspension and with
FACS-based sorting the tdTomato+ cells are sorted into separate wells in well-plates which
are subsequently sequenced.

Targeting neural subtypes and circuits with viral vectors
Molecular profiling of cells is very useful for identifying novel cell types and gaining insights
into their molecular makeup and transcriptional responses to cues. Nevertheless, in order
to understand cell types better, we need to gain genetic access to them. A popular method
for gene delivery into the brain in order to map cells, visualize brain connectivity and study
the function of cell populations and circuits is viral vector technology. Viral vectors are used
to target genetic information into cells of choice. To this end, either wild-type or engineered
viral capsids are used to “package” the genetic information (transgene) designed in a
way to facilitate proper expression of RNA or protein. Few of the most commonly used
viral vectors in neuroscience are the adeno-associated virus (AAV), lentivirus (LV), canine
adenovirus 2 (Cav2) and rabies. The two former are mostly used for anterograde targeting,
while the two latter are used for retrograde targeting of neurons and are extremely useful
for brain mapping of circuits. In this thesis we use AAV and Cav2, therefore we will discuss
those.
Adeno-associated viral vectors (AAVs)
AAV is the most popular viral vector system used in neuroscience and gene therapy. The
first gene therapy drug, which treats retinal dystrophy, was approved in 2017, while there
are at least 20 approved gene therapy treatments available and at least 4000 ongoing
clinical trials [25], [26]. Besides the fact that the AAV capsid has limited capacity and can
accommodate only up to 5.2 kb of DNA, their use has a lot of advantages. Genes delivered
by AAVs do not incorporate into the host genome and rather stay episomal [27], therefore
they do not cause insertional mutations that could lead to toxic consequences. AAV capsids
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cause very low immune response and therefore are the safest choice for use in animal
research as well as human gene therapy [28]. Besides low immunogenicity, AAV capsids
or ‘serotypes’, as they are widely referred to, can alter the vector’s tropism, i.e. the ability
to target and enter certain cell types. Even though many AAV serotypes (AAV1-9) derived
from wild-type AAVs have been used extensively over the last decades to preferentially
target different tissues in the body, new optimized capsids are being engineered through
directed capsid evolution, codon optimization and even machine-guided design of useful
variants, which not only can increase the level of specificity, but also improve targeting
efficiency as well as the ability of the capsid to evade the body’s immune response [29]–
[31].
Latest developments in capsid technology pave the way for the discovery of many novel
variants with high specificity of infection. However, there are no widely available AAV
serotypes that target cell populations based on their molecular phenotype yet. The use
of cell-type specific promoters guiding expression of the AAV transgene facilitates cellspecific targeting, but the small capacity of the AAV as well as the off-target expression
often observed limit the use of this method. More about the use of short neuropeptide
promoters in the hypothalamus is discussed later in the introduction and is addressed in
Chapter 4 of the thesis.
In order to achieve cell-type specificity transgenic animals have been the models of choice
with the help of recombinase enzymes (e.g. Cre or Flp) which are expressed in a cell-type
specific manner and in turn allow the conditional expression of transgenes. To this end,
an engineered mouse model expressing Cre recombinase in a specific cell population can
be injected in a brain region with an AAV containing a Cre-dependent cDNA resulting in
expression of the cDNA with cell-type and spatial resolution (Figure 1a).
Retrograde Canine Adenovirus
Besides targeting cells at the cell-type level, researchers are able to target neuronal
pathways, i.e. groups of cells that project from one brain region to another, in order to
visualize their connectivity and elucidate their function. A widely used viral vector that
facilitates retrograde targeting of neurons, is Canine adenovirus 2 (Cav2). CAV-2 engages
the coxsackievirus and adenovirus receptor (CAR) expressed in neuronal terminals as well
as the endocytic machinery in order to achieve retrograde axonal transport and target
genetic information into the nucleus [32]. The most popular Cav2 is the one expressing
Cre recombinase, and it can be used in combination with a Cre-dependent AAV in order to
target a projection (Figure 1b). A combination of the two methods in order to achieve celltype and projection specificity is explored in Chapter 5, described later in the introduction.
Optogenetics and chemogenetics for manipulation of neuronal activity
The use of viral vector technology has facilitated the delivery of genes that can help us
investigate the function of certain proteins by either overexpressing them or knocking
them down in certain populations of neurons. In the recent years, it has also been possible
to modulate neuronal activity and study the role of certain neurons in physiological and
pathological behaviours. With optogenetics, developed by Karl Deisseroth, Peter Hegemann
and Ed Boyden, channelrhodopsins (ChR2) cause the depolarization of neurons for
milliseconds upon light activation at a certain wavelength which evokes the entry of Na+
ions into the neuron [33]. Even though this technique recapitulates neuronal activity very
well, especially due to its precise temporal resolution, it is very invasive and it relies upon
expensive and delicate application of equipment as well as the development of complex
behavioural tasks.
A technique that overcomes these hurdles is chemogenetics developed by Bryan Roth,
which allows the modulation of neuronal activity for longer time periods (hours). Designer
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Figure 2 Two widely used methods of genetic targeting with viral vectors. A. Cell-type
specificity: A Cre-driver transgenic line, expressing Cre in the cell-type of interest (coloured
red) is injected with a Cre-dependent (Flex) AAV, resulting in the expression of its cDNA in
the cell type of interest B. Projection specificity: A Cav2 virus expressing Cre is injected in
the output region (Region B) of the projection desired to be targeted. The Cre transgene is
delivered retrogradely and expressed in the cells projecting to this region. When the Credependent AAV is injected in Region A, its cDNA will be expressed only in the cells projecting
from Region A to Region B.
receptors exclusively activated by designer drugs (DREADDs) are modified muscarinic
receptors that exclusively respond to a designer drug, often clozapine-N-oxide (CNO). These
modified receptors are mutated G-protein-coupled receptors which can either facilitate or
inhibit neuronal firing, depending on which G molecule the receptor is coupled with: Gq for
excitation and Gi for inhibition of neuronal firing [34]. Therefore, by delivering the cDNA that
codes for these receptors with viral vectors using one of the techniques described above, one
can manipulate the neuronal activity of these neurons by (systemically) administering CNO
to the animal. In Chapter 5, we use the activating DREADD (Gq) and a locomotion task as
a proof of concept for the efficacy of the delivery of this tool with cell-type and projectionspecificity.

Hypothalamus, energy balance and leptin
In this thesis we mostly focus on cells located in the hypothalamus (Chapters 1-3) and
profile leptin receptor-expressing cells (Chapters 1 & 2). The hypothalamus is located in the
ventral section of the diencephalon [35] and is a heterogeneous structure which regulates
important homeostatic functions: energy balance, food intake, energy expenditure,
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drug seeking, reward, sleep, reproduction and thermogenesis [36], [37]. Various distinct
hypothalamic nuclei and cell types regulate these aspects, which we briefly discuss below
with a particular focus on energy balance.
In 1949, a recessive mutation was discovered and designated with the symbol ob because
it was causing homozygous mice (ob/ob) to become obese due to increased appetite and
hypoactivity [38]. It took researchers 40 years to clone the ob gene and discover that the ob
mutation results in loss of protein which is only expressed in fat cells. The protein encoded
the first identified hormone released from adipose tissue. Loss of this hormone disrupts the
adipose-brain axis signalling energy stored in fat. Injecting the Ob protein into ob/ob and wildtype mice resulted in reduced body weight and food intake and increased energy expenditure
[39], [40]. The name ‘leptin’ was designated, which is derived from the greek word λεπτός
(leptós), meaning thin, since the administration of the protein made the animals thinner.
Leptin is secreted by the white adipose tissue and plasma leptin levels are directly
proportional to the body’s fat and indicative of the body’s energy storage [41], [42]. Leptin
is also described as the ‘satiety’ signal, since it signals the hypothalamus to reduce food
intake and increase energy expenditure [43], [44]. Leptin exerts this effects on energy
balance mainly via leptin receptors (LepR) in the hypothalamus, expressed in the Arc,
VMH, DMH, PVN, PO and LH [45], [46].

Hypothalamic subregions and their role in energy balance
The arcuate nucleus (Arc) of the hypothalamus, which is located in the ventral part of the
hypothalamus is the primary hypothalamic structure to sense hormonal and nutritional
cues due to its proximity to the median eminence which receives rich blood supply [47].
The two main neuronal populations in the Arc are the anorexigenic POMC/CART neurons,
which suppress food intake [48], [49], and the orexigenic Agrp/NPY neurons, which
increase food intake [50], [51]. In the Arc there are also other neuronal cell types, such
as KNDy, GnRH, GHRH and dopamine neurons [52]–[55]. Arc neurons send projections
to multiple hypothalamic nuclei, which are in turn also crucial for food intake and energy
homeostasis: ventromedial hypothalamus (VMH), dorsomedial hypothalamus (DMH),
lateral hypothalamus (LH) and paraventricular nucleus (PVN).
The VMH plays a role in feeding behaviour mainly by suppressing food intake. Knockdown or deletion of various neuropeptides and receptors in the VMH (SF-1, LepR, BDNF,
CRFR2, PACAP) leads to body weight gain or the development of (diet-induced) obesity
[56]. Neurons in the DMH have an important role in maintaining energy homeostasis,
by promoting food intake and regulating thermogenesis and core body temperature,
mediated via various neuropeptides and receptors (NPY, CCK, CRF, CCK-1, LepR) [57]–
[59]. The PVH has an anorexigenic function, with its main markers Sim1, TRH, Oxytocin and
CRH contributing to a decrease in food intake, while the two latter also have a significant
role in regulating stress responses [56]. The LH, which includes MCH and orexin neurons,
serves an orexigenic function and regulates the reward aspect of food intake.
Lateral hypothalamic cell populations
The LH is a highly complex brain region which spans over a large proportion of the
hypothalamus. Lesion studies have established the crucial role of the LH in promoting
feeding and water intake [60], [61]. The LH cell pool encompasses many genetically and
molecularly distinct cell types expressing various neurotransmitters (Glutamate and GABA)
as well as neuropeptides (MCH, Orexin, Nts, Gal, CART, Crh, Tac1). MCH and Orexin
neurons are molecularly distinct and the most well-studied. Both groups of neurons
promote food intake and modulate the dopamine system in order to control food reward,
while the corresponding neuropeptides are increased upon fasting, indicating that these
neurons are sensitive and adapt their responses to energy deficit [62]–[65]. However, the
two cell populations have opposing roles in terms of energy expenditure; MCH reduces
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thermogenesis and physical activity, whereas Orexin increases these parameters [66], [67].
Another distinct neuronal population in the LH are Neurotensin-expressing (Nts) neurons,
which suppress feeding and promote weight loss [68], [69]. Nts neurons highly co-localize
(95%) with the neuropeptide Galanin (Gal) [70]. Interestingly, Gal neurons promote
motivational behaviour for food reward and locomotor activity [71], without directly
projecting to the ventral tegmental area (VTA), the hub of motivated behaviour. Expression
of CART peptide in the LH partly co-localizes with MCH [72]. In the LH, activation of
CART neurons increases energy expenditure and physical activity [73], while CART
overexpression increases fat gain, via greater spontaneous food intake and diminished
insulin responsiveness [74], opposing CART’s anorexigenic effects in the Arc. The LH also
contains a group of leptin-responsive neurons, which are described in detail later.

Single-cell sequencing of the hypothalamus
Since 2016, a high number of publications have emerged involving single-cell RNA
sequencing of the hypothalamus that reveal a large heterogeneity of neuronal and nonneuronal populations which expands beyond the already established subtypes that were
mostly based on neuropeptide or neurotransmitter content. Besides focusing on the
deeper investigation of known subtypes, e.g. POMC neurons in the Arc [75] and Orexin
and MCH neurons in the LH [76], most of the literature performed sequencing of the
total pool of cells. Studies focussed on the Arc-ME [77], the developing Arc [78] or a
more extended region including the Arc, VMH, PVN and DMH [79]. Besides the Arc, other
studies focussed on the preoptic area of the rostral hypothalamus [22], the LH [80], the
VMH [81], while others explored the whole hypothalamus [82], at multiple developmental
stages and ages [83]. These studies provide an extensive resource of hypothalamic cell
type databases, especially when combined with functional or imaging studies, and pave
the way for new research and therapeutic interventions. For example, in the dataset of
Campbell et al. [77], 24 neuronal and 26 non-neuronal populations were identified in
the Arc-ME, including 2 Agrp and 3 POMC clusters, indicating that cell subtypes are not
straightforwardly defined by neuropeptide expression. Moreover, while fasting affects
a subset of genes in the two Agrp subtypes differently, the transcriptional responses of
these subtypes are broadly similar to each other and different from responses of the
POMC subtypes.

Targeting hypothalamic neuronal populations with short neuropeptide
promoter-driven AAV constructs
Besides the use of transgenic animals, which facilitate the effective gene delivery in
specific cell types, scientists have used viral vectors that carry short neuropeptide
promoters to guide expression of transgenes in the corresponding cell types. In the
hypothalamus, the first promoter to be cloned in AAV in order to target MCH neurons
with green fluorescent protein (GFP) and perform electrophysiological recordings was
the rat MCH promoter [84], which was later used to modulate neuronal activity with
optogenetics and chemogenetics to study the role of MCH neurons in sleep [85] and
feeding behaviour respectively [86].The human orexin promoter has been used to
target Orexin neurons with tdTomato in mice and record from them [87], while the rat
and various lengths of the mouse oxytocin promoter have been used in optogenetic
and chemogenetic studies to investigate the role of oxytocin neurons in the PVN and
supraoptic nucleus in feeding, drinking, fear response and autism [88]–[91].
A great advantage of this method is the use of promoter-driven vectors in combinatorial
approaches. For example, a Vgat-IRES-Cre mouse was injected in the LH with a Cre-dependent
ChR2, in order to target and optogenetically activate LHGABA neurons, in combination with
tdTomato driven by the Orexin promoter, in order to electrophysiologically record the
response of Orexin neurons to GABA activation [92]. The straightforward way of cloning
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of short promoters provides a swift and effortless method of creating AAV constructs using
a variety of resources [93] for various uses, limiting the need of generating and breeding
transgenic animals. However, the low capsid capacity of AAV limits the use of long promoters
with important regulatory elements positioned far away upstream the transcription start site.
Another drawback is that the use of high number of genomic copies of the virus in order to
achieve high efficiency can lead to off-target expression which can harness the reliability of
experimental results, as investigated in Chapter 4 of the thesis [94].

Leptin Receptor in the hypothalamus
In the Arc, leptin acts on the orexigenic Agrp neurons to inhibit them and on the anorexigenic
POMC neurons to activate them [95]. The distinct population of KNDy neurons as well as
GHRH neurons - which release Ghrh in the hypophyseal portal system - also express LepR
[96], [97]. In the VMH, LepR SF- 1 expressing neurons contribute to leptin’s control of energy
homeostasis by modifying energy expenditure [98]. In the DMH, LepR prolactin-releasing
hormone (Prlh) neurons are critical for leptin’s actions on adaptive thermogenesis [99]. In
the paraventricular nucleus of the hypothalamus (PVN), functional evidence suggests the
presence of LepR [100], although at low levels, while leptin directly acts on MC4R neurons
in the anterior PVN to modulate their activity [101]. Moreover, hypothalamic LepR neurons
express Pdyn in the Arc, VMH, PMv and LH and Tac1 in the LH and PMv[10].
In the LH there are also GABAergic LepR neurons expressing Nts (neurotensin), Gal (galanin)
and Crh (corticosterone-releasing hormone) [10], [70]. The total LH GABA population
promotes consummatory behaviors [102], while LH Gal neurons promote food-seeking
[71]. However, LH LepR neuron activation decreases food intake and increases locomotion
and body temperature [103], while intra-LH leptin injections decrease feeding and body
weight [104]. Furthermore, intracerebroventricular leptin decreases the rewarding effect
of LH stimulation [105], whereas chemogenetic activation of LH LepR neurons increases
motivation for food [106]. The regulation of food reward by LH LepR neurons is partly
mediated by their projections to the VTA [106], which are Nts- but not Gal-expressing
[107], [108], while there is also local inhibition of orexin neurons in the LH by LepR/Nts and
LepR/Gal neurons [107], [109].
Alternative splicing of the leptin receptor gene generates six receptor isoforms (LepRa-f)
that share a common extracellular and transmembrane domain, but differ in their
intracellular segment [110]. The long isoform of LepR, LepRb, contains an extended
intracellular domain with the necessary motifs for activation of the JAK/STAT signal
transduction pathway, while the short isoforms of leptin do not induce leptin signalling.
LepRe is a soluble receptor that enhances the half-life of leptin and also functions as an
antagonist of the transport of leptin [111], [112]. The short form receptors LepRa, LepRc,
LepRd and LepRf have been implicated in the transport of leptin across the BBB and are
expressed in brain microvessels [113], [114].
Even though obese people have increased circulating leptin levels, leptin fails to regulate
energy homeostasis effectively, a condition that is termed ‘Leptin resistance’. Dietinduced leptin resistance is developed first in the Arc and later in the DMH, VMH and PVN
[115]. It is not known yet what are the exact underlying mechanisms of leptin resistance,
but it could be attributed to impaired leptin transport, impaired LepRb trafficking or
signalling or endoplasmic reticulum stress [116].
Using TRAP-seq, Allison et al. [10] isolated the translating mRNA of hypothalamic LepR
neurons and revealed many interesting novel markers expressed in that population. In
2018, the same team explored the response of LepR neurons to leptin treatment in
wild-type and ob/ob mice and identified the transcription factor Atf3 to be upregulated
by leptin [117]. In 2019, Inoue et al. [7], investigated the transcriptional response of
hypothalamic LepR neurons to fasting and leptin administration. They also explored
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Figure 3 Two methods used to manipulate the activity of mesolimbic dopamine neurons.
A. Dopamine cells of a TH-Cre transgenic line express an optogenetic (ChR2) or chemogenetic (DREADD) transgene delivered in the VTA with the same method described in Figure
2a. A fiber is implanted in the output region (NAc) in order to shine light for optogenetics,
or a cannula infusing CNO is implanted in the region for chemogenetics. B. Using a TH-Cre
line, A Cre-dependent Cav expressing Flp (Cav-Flex-Flp) is injected in the NAc. Flp is delivered retrogradely and expressed only in dopamine cells projecting to the NAc. In the VTA,
aFlp-dependent DREADD (AAV-frt-DREADD) results in expression of DREADD only in cells
expressing Flp, so in dopamine cells projecting from the VTA to the NAc. CNO administration to the animal will activate mesolimbic dopamine neurons.
their genetic and epigenetic landscape in order to identify relevant regulatory elements
and attempted to link these elements with obesity-associated GWAS SNPs. However, all
of these transcriptomic analyses focused on the total hypothalamic LepR population as
bulk, making it impossible to dissect the molecular profile and physiological response
of LepR between different subregions or cell types. To address this, in Chapter 2 we use
TRAP-seq to define the transcriptome of LepR neurons in the LH, while in Chapter 3 we
perform scRNAseq to identify clusters of hypothalamic LepR neurons.

Mesolimbic dopamine neurons

In Chapter 4 of the thesis we apply a viral vector gene delivery method on midbrain dopamine
neurons. The midbrain consists of the ventral tegmental area (VTA) and the substantia nigra
which regulate reward-processing, motivation and locomotion [118], [119]. The VTA consists
of 65% dopaminergic, 30% non-dopaminergic GABAergic and 5% non-dopaminergic
glutamatergic neurons [120], [121], while classifications have been also made based on the
electrophysiological properties as well as the anatomical positions of VTA neurons [122]. Since
VTA dopamine neurons are involved in diverse physiological functions and pathophysiological
states (such as Parkinson’s disease), a better classification of their molecular heterogeneity has
the potential to yield more insight [123].
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Moreover, researchers seek more understanding into the VTA’s different projections. The
main projections of the VTA are the nucleus accumbens (NAc), the basolateral amygdala
(BLA) and the pre-frontal cortex (PFC) [122], [124]. The VTA to NAc or ‘mesolimbic’ pathway
consists of 80% dopamine neurons and promotes hyperactivity, motivational behaviour as
well as regulates decision-making [125]–[127]. With viral vector gene delivery it has been
possible to target the different dopamine pathways in order to record and modulate neuronal
activity during behavioural tasks and dissect their functions. For example, in order to target
all neurons in the mesolimibic pathway with opto- or chemogenetic tools, the retrograde
virus Cav2-Cre is injected in the NAc and a Cre-dependent AAV carrying the gene of choice
is injected in the VTA [125].
One of the goals of this thesis has been to target specific cell-types within a pathway, and
we use the mesolimbic dopamine neurons as a model for that, mainly because there have
been a lot of tools implemented in this pathway already. This has been possible using
two methods. In the first case, a Cre-dependent AAV is injected into the VTA of a Credriver transgenic animal, with Cre expression in dopamine neurons (e.g. a TH-Cre rat) and
a cannula for local application of CNO (for DREADD activation) or an optogenetic fiber
(for optogenetic activation) is implanted in the NAc, the output region of VTA dopamine
neurons that needs to be studied [127], [128] (see Figure 3a).
In the second case, a Cre-driver transgenic animal (e.g. DAT-Cre mouse) is injected with
the retrograde virus CavFlexFlp in the NAc, which expresses Flp in a Cre-dependent
manner. In turn, Flp is expressed in dopamine neurons of the VTA to NAc pathway and a
Flp-dependent cDNA is injected in the VTA. The latter method was used for mapping the
inputs of mesolimbic dopamine neurons in combination with the rabies virus, which has
the ability to jump back a synapse [129]. In Chapter 5, we use the last method in order
to express DREADD in dopamine neurons of the mesolimbic pathway and validate the
efficacy of the method [130] (see Figure 3b). Of note, the viral vectors generated can be
used in multiple projections and cell-types of choice, making it a genetic tool that can be
used universally.

Thesis outline

In this thesis we investigate heterogeneity in the brain using two approaches: in part A
of the thesis (Chapters 1 & 2), we use RNA sequencing technologies in order to explore
the molecular profile of leptin-receptor neurons in the hypothalamus, while in part B
(Chapters 3 & 4) we develop and optimize genetically engineered viral vectors in order to
target specific cell types and pathways in the hypothalamus and VTA.

Part A: Molecular profiling of hypothalamic LepR cells
In Chapter 1, we investigate the molecular profile of leptin-receptor (LepR) neurons in the
lateral hypothalamus, a rare understudied cell population which contributes substantially
to leptin’s effects on food reward and energy expenditure. To this end, we employ viral
TRAP-Seq, a method which facilitates the isolation of translating mRNA from the cell
types of interest, and create cDNA libraries for RNA sequencing with a modified Cel-Seq2
protocol. We identify established and novel marker genes of LepRLH neurons and study
their transcriptomic response to energy deficit.
In Chapter 2, we focus on the total hypothalamic population of LepR neurons and apply
scRNAseq after FACS-sorting. Unsupervised clustering analysis reveals 8 neuronal and
17 non-neuronal clusters of hypothalamic LepR neurons. The majority of the neuronal
clusters identified are assumed to be located in the arcuate nucleus of the hypothalamus,
the primary target site of leptin, and the 3 clusters of Agrp neurons are the ones that
respond the most to energy deficit. We also identify clusters with subsets of cells located in
other hypothalamic nuclei with significance for feeding behaviour and energy balance. Our
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dataset also reveals the expression of LepR in tanycytes and other glia cells, underlining
the diversity of leptin’s functions on multiple cellular levels.

Part B: Gene delivery in hypothalamic cell types and the mesolimbic
pathway with viral vectors
In Chapter 3, we generate and optimize viral vectors with established short neuropeptide
promoters driving expression of optogenetic and chemogenetic tools in specific
hypothalamic cell types classified by their neuropeptide content (i.e. MCH, Orexin,
Oxytocin). We display that high titers (=number of genomic copies) of viral vectors result in
increased off-target expression even though high efficiency is achieved. Lowering the titer
of the viral vectors leads to increased specificity, however, efficiency is compromised. This
observation is consistent between experimental batches, rodent species, gene promoters
and cDNAs. We conclude that promoter-driven viral vectors for targeting specific cell types
should be used with caution and proper pilot experiments should be performed in order to
identify the ideal titer that gives sufficient specificity and efficiency for each experimental
purpose. In Appendix I, we use the knowledge acquired in Chapter 4, in order to manipulate
and record the activity of MCH neurons with chemogenetics and fiber photometry and
explore their function during food, water and caloric intake as well as locomotor activity.
In Appendix II, we clone various neuropeptide promoters using Gateway recombination
technology and assess the specificity of the resulting AAV viral vectors.
In Chapter 4, we target dopamine neurons of the mesolimbic pathway with a chemogenetic
tool (DREADD), using a combination of viral vectors and a transgenic animal line. Among
retrograde viral vectors, we identify Cav2 as the most efficient and we assess the specificity
to target dopamine neurons. Finally, we perform a proof-of-concept locomotion task
which validates that activation of mesolimbic dopamine neurons drives hyperactivity in
rats. This method provides a novel tool for manipulation of neuronal activity with celltype- and projection-specificity that can be universally applied depending on the desired
pathway to be investigated. In Appendix III, we use the viral vector system in order to
investigate the role of mesolimbic dopamine neurons in motivated behaviour and valuebased decision making. In Appendix IV, we use the same method in order to target LepR
neurons projecting from the LH to the VTA.
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You know, it's funny;
when you look at someone through rose-colored glasses,
all the red flags just look like flags.

Chapter 1

Abstract
Objective

Leptin exerts its effects on energy balance by inhibiting food intake and increasing energy
expenditure via leptin receptors (LepR) in the hypothalamus. While LepR neurons in the
arcuate nucleus of the hypothalamus, the primary target of leptin, have been extensively
studied, LepR neurons in other hypothalamic nuclei remain understudied. LepR neurons in
the lateral hypothalamus (LH) contribute to leptin’s effects on food intake and reward, but
due to the low abundance of this population it has been difficult to study their molecular
profile and responses to energy deficit. We here explore the transcriptome of LepR neurons
in the LH and their response to energy deficit.

Methods
Male LepR-Cre mice were injected in the LH with an AAV carrying Cre-dependent L10:GFP.
Few weeks later the hypothalami from fed and food-restricted (24-hours) mice were
dissected and the TRAP protocol was performed, for the isolation of translating mRNAs
from LepR cells in the LH, followed by RNA sequencing. After mapping and normalization,
differential expression analysis was performed with DESeq2.

Results
We confirm that the isolated mRNA is enriched in LepR transcripts and other known
neuropeptide markers of LepRLH neurons, of which we investigate the localization patterns in
the LH. We identified novel markers of LepRLH neurons with association to energy balance and
metabolic disease, such as Acvr1c, Npy1r, Itgb1, and genes that are differentially regulated by
food deprivation, such as Fam46a and Rrad.

Conclusion
Our dataset provides a reliable and extensive resource of the molecular makeup of LepRLH
neurons and their response to food deprivation.
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Introduction
Leptin is a hormone secreted by white adipose tissue proportional to the amount of
stored fat. It regulates several aspects of energy balance such as food intake and energy
expenditure [39], [131]–[134]. Fasting decreases and feeding increases plasma leptin levels
[135]. Despite elevated plasma leptin levels in obese people [136], leptin fails to reduce
energy intake and increase energy expenditure, which is referred to as leptin resistance
[137].
Leptin exerts its effects on energy homeostasis mainly via cells expressing leptin receptor
(LepR) in the hypothalamus [138]. It is believed that in obesity, these cells fail to respond
to leptin and therefore they are potential targets with therapeutic potential in eating
disorders. The most prominent population of LepR-expressing cells reside in the arcuate
nucleus (Arc) of the hypothalamus where leptin stimulates pro-opiomelanocortin (POMC)
neurons and inhibits Agouti-related peptide (AgRP) neurons, the latter responding
highly to energy deficit [6], [77], [82]. LepR cells in other brain sites such as in the lateral
hypothalamus (LH) are less studied.
The lateral hypothalamus (LH) is a hub of feeding behavior and of the reward system,
containing distinct neuropeptide populations as well as passing fibers [139], [140]. LepR is
expressed in Galanin- and Neurotensin-expressing populations of GABAergic neurons in
the LH, which regulate food intake, body weight and connect the status of energy balance
to the dopaminergic reward system [141], [142]. We here aimed to unravel the molecular
profile of LepRLH neurons as well as their transcriptomic response to food restriction, using
TRAP-Seq [11].
TRAP is an RNA polysome immunopurification technique which facilitates the isolation
of mRNA bound to GFP-tagged ribosomes, from cells that artificially express GFP fused
to the ribosomal subunit L10 [9]. TRAP-Seq of the total population of hypothalamic
LepR cells already revealed a molecular signature [10]. However, by looking at the whole
hypothalamic population of LepR cells as bulk, the large population of LepR neurons in
the arcuate nucleus dominates the results. To target LepR neurons in the LH, we employ
viral TRAP to isolate mRNA exclusively from LepRLH neurons. Therefore, we provide an
extensive and reliable resource of LepRLH-enriched genes as well as genes differentially
regulated by energy deficit, associated with energy balance and metabolic disease.

Results & Discussion
In order to isolate mRNA from LepRLH cells, an AAV carrying a Cre-dependent cDNA for
L10:GFP was injected into the LH of LepR-Cre adult male fed and fasted mice and 4 to
5 weeks later hypothalami were dissected and TRAP was performed, a timepoint that
allows sufficient viral expression and detection of L10a:GFP in polysome fractions [11].
cDNA libraries were prepared with the CelSeq2 protocol optimized for bulk RNA and the
libraries were sequenced with next generation sequencing (NGS). Analysis of the RNAsequencing reads revealed enrichment of genes in the LepRLH population against the total
hypothalamus as well as genes differentially regulated by food deprivation.

Validation of selective mRNA enrichment from LepRLH neurons
A series of pilot experiments were performed in which different serotypes and virus
titers of rAAV-flex-L10:GFP were stereotaxically injected into mouse brains with several
coordinates targeting the LH, in order to achieve sufficient GFP expression targeted in the
LH. GFP expression was observed in the LH of LepR-Cre (+/+) mice and it was minimal in
(-/-) littermates (Figure 1a - left). The TRAP experiment was performed in 7 batches of
male mice, both from the fed and fasted condition. In each batch few mice were sacrificed
before performing TRAP in order to assess GFP expression (see Methods for details). Data
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from a total of 12 mice, showed 1256.7±215.7 GFP-expressing cells per mouse, of which
83,5%±3,8 were localized in the LH (Figure 1a - right, see Methods).
Immunoprecipitated RNA from LepR cells in the LH (LepRLH) as well as RNA from the
whole hypothalamus (hypo) was sequenced. Following normalization of sample by Deseq2
(Median of ratios method) and exclusion of lowly expressed genes (a cutoff of 5 reads per
sample), we obtained a final dataset containing 13093 of the 17988 genes detected in
the dataset. Differential expression analysis between LepRLH and hypo samples identified
768 genes with significantly different expression levels (with adjusted p<0.01) (sup. Table
1). 343 genes (including GFP) were enriched in LepRLH over hypo (log2FoldChange>1.5)
and 425 genes were enriched in hypo over LepRLH (log2FoldChange<-1.5) (Figure 1b). As
expected, GFP and LepR were both enriched in LepRLH over hypo (38.3-fold and 6.4-fold
respectively, p < 0.01, Figure 1b) with GFP being the most significantly enriched gene of
the whole dataset. The well-established markers of LepRLH neurons, Gal and Nts, were
also enriched in LepRLH over hypo (3.8-fold and 24.2-fold respectively, p < 0.01, Figure
1b). We detected a significant enrichment of lateral hypothalamic genes by comparing the
342 genes (excluding GFP) enriched in LepRLH with upregulated genes across brain regions
provided by the Allen Brain Atlas using the Enrichr platform (sup. Table 2), confirming
effective targeting of the LH. Thus, our dataset identifies the molecular makeup of the
LepRLH neurons.
Next, we asked whether specific cell types are enriched in LepRLH neurons compared to the
whole hypothalamus. Non-neuronal markers, such as Gfap for astrocytes, Mobp and Olig1 for
oligodendrocytes, Cx3cr1 for microglia, and Rax for tanycytes, as well as markers of distinct
hypothalamic populations, such as Agrp and Npy (Figure 1c), and LH-specific Pmch and Hcrt
(not shown) were less abundant in IP than IN samples. RNA enriched from LepRLH cells showed
enrichment of GABAergic markers Slc32a1, Gad1 and Gad2, and low levels of glutamatergic
marker Slc17a6, showing that we enriched for GABAergic LepRLH neurons (Figure 1d). These
results also confirm the literature that has extensively established LepRLH neurons as GABAergic
[141].

Enrichment and localization of established markers of LepRLH neurons
Besides their established GABAergic nature, literature has shown the expression of a handful of
neuropeptides and receptors in LepRLH neurons. LepR neurons in the LH express Neurotensin
(Nts), Galanin (Gal), CART peptide (Cartpt), Tachykinin 1 (Tac1) as well as Corticosteronereleasing hormone (Crh) [10], [70], [141]. In the LH, LepR neurons have been reported to express
melanocortin receptors Mc3r and Mc4r as well the receptor for calcitonin Calcr [143]–[145]. We
confirmed the enrichment of all of these genes in the IP fraction over IN in our dataset (Figure
3a).
We next determined the co-localization pattern of the five neuropeptides with LepR in the
LH. To this end, we performed fluorescent in situ hybridization (FISH) for Nts, Gal, Cartpt, Crh
and Tac1 on tissue from LepR-tdTomato mice stained for tdTomato. We focused on the LH
(including the PeF, ZI, Tu) and explored co-localization of markers with tdTomato (LepR).
Cartpt, Nts and Tac1 were expressed in almost one third of LepR cells in the LH, while Gal and
Crh were expressed in 15% and 12% of the cells respectively (Figure 2a). Literature shows
that more than half (60%) of LepRLH neurons express the anorexigenic peptide Neurotensin
(Nts), while 20 - 44% of pSTAT3 positive cells in the LH express Galanin [70], [141]. The
difference observed between the two sets of data can be attributed to different detection
methods used - for example, not all of LepR cells could be engaged in pSTAT3 signaling at the
time of the experiment, while tdTomato expression is stable - or to the fact that we included
the ZI and Tu in our measurements.
Co-localization of each marker with LepRLH cells was observed in the dorsal part of the LH/
Zona Incerta (ZI), Pernifornical area (PeF) and ventral part of the LH/tuberal nucleus (Figure
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Figure 1 Targeting and RNA enrichment from LepRLH cells. A. LepR-Cre mice were injected in
the LH with an AAV carrying Flex-L10:GFP (graphic of coronal section does not represent exact
coordinates). In homozygous Cre (+/+) mice, 83.5% of the cells with immunohistochemicallydetected GFP were in the LH (mean, n=12 hypothalami), whereas in wild-type littermates (-/-)
the GFP expression was very low. B. Scatterplot of RNAseq results showing normalized counts
from LepRLH fraction (IP) in x axis plotted against normalized counts from Hypothalamus fraction
(IN) in y axis. Violet-colored dots represent genes that are enriched in IP (with log2FoldChange
> 1.5 and adjusted p < 0.01) and dark grey-colored dots represent genes that are enriched in
IN (with log2FoldChange < -1.5 and adjusted p < 0.01). GFP, LepR and known marker genes
of LepRLH cells are represented as dots colored in dark violet. C. Scatterplot of RNAseq results
showing genes de-enriched in IP fraction (enriched in IN fraction) as log2 of normalized counts
from IN fraction (x-axis) plotted against Fold-enrichment (log2 of IP/IN normalized counts)
(y-axis). Markers known to not be present in LepRLH cells (Agrp, Npy) and non-neuronal
markers are represented as dark violet dots. D. Barplot showing Fold-enrichment (log2 of IP/IN
normalized counts) of GABAergic markers Slc32a1, Gad1 and Gad2 and glutamatergic marker
Slc17a6 (mean±SEM). IP: immunoprecipitated samples, IN: input samples
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2b). Based on literature, Neurotensin is almost fully co-expressed (95%) with Galanin, and
CART peptide is expressed in half (56%) of Galanin positive neurons in the LH [70]. In line
with this, we observed that Gal co-localizes its expression with LepR in the same subregions
as Nts as well as Cartpt. In the case of Crh, co-localization is observed in the rostral part
of the LH and PeF. Therefore, it is highly probable that all three neuropeptides could have
overlapping expression in the same cell, while we did not observe a distinct pattern of Gal,
Nts and Crh expression in LepRLH neurons.
Even though Tac1 and Cartpt co-localized with LepR in the rostral part of the LH/ZI and PeF,
we also observed distinct patterns of expression for them. We observed Cartpt/LepR cells in
the ventral LH/MTu rostrally (Bregma -1.58), while there were Tac1/LepR cells also localized in
the ventral LH/MTu caudally (Bregmas -2.06 and -2.30). These findings suggest that in contrast
to the Arc, where LepR is mostly expressed in distinct populations of neurons and has directly
opposing functions on Agrp and POMC neurons, LepR in the LH is found in neurons with
diverse profiles, with overlapping as well as distinct expression of neuropeptides. Therefore,
leptin may act on a variety of distinct neurons with partially overlapping genetic identity.

Novel markers of LepRLH neurons
We next focused on novel markers of LepRLH neurons. Using the Uniprot database, we
assigned the TRAP-enriched genes to gene ontology and molecular function terms (sup.
Table 3). Where possible, LepRLH-enriched genes were split into main sub-categories based
on their molecular function: secreted proteins, enzymes, catalytic receptors, GPCRs, ion
channels, transporters and transcription factors (see Column “Type” in sup. Table 3 and
Methods for databases used for annotation). We continued with the top 10 significant
genes of each category (Figure 3). The genes were analyzed for their expression in the
hypothalamus and particularly the LH, based on ISH data of Allen Brain Atlas (referred to
as ABA from now on) and mouse GTEx data from the protein atlas. Moreover, in order to
assess relevance, we performed literature search (PubMed) using as search terms the gene
name combined with either hypothalamus, diabetes or obesity as keywords.
LepRLH -enriched markers with selective expression in the LH and other
hypothalamic nuclei
We identified genes with selective expression in the LH and other hypothalamic nuclei
where LepR is expressed, based on Allen Brain Atlas ISH data (ABA).
Catalytic receptors Itgb1, which codes for β1 integrin associates with integrins α1 and
α2 to form integrin complexes which function as collagen receptors. It shows prominent
expression in the LH, tubelar nucleus (Tu), PVN and weakly in Arc (ABA), but its function
in the hypothalamus remains unexplored. Acvr1c (also known as Alk-7) is expressed in
the Arc, VMH and weakly in the LH (ABA) and is downregulated in adipose tissue in obese
subjects [147], while variations in its DNA sequence are associated with protection against
diabetes type 2 [148]. Besides being enriched in Agrp neurons in the Arc [77], nothing is
known about the function of Acvr1c in the hypothalamus.
Secreted proteins The secreted protein Stc1 codes for Stanniocalcin 1, involved in lipid
synthesis in brown adipose tissue [149] and its mRNA is expressed very weakly in the
LH and DMH in the hypothalamus (ABA). Another secreted protein, Cthrc1 (collagen
triple-helix repeat-containing 1), shows expression in the LH (ABA) as well as in the PVN
and SON and it regulates lipid storage and cellular glycogen levels [150]. Serpina3N, the
gene encoding the anti-protease alpha-1-antichymotrypsin (α1AC), is expressed most
prominently in the Arc and weakly in the LH (ABA), while it has also been localized in the
DMH and VMH and its expression in the hypothalamus was upregulated upon exposure to
high-fat diet and leptin [151].
Transcription factors Besides the LH, the transcription factor Asb4 is also expressed in the
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Figure 2 Expression of neuropeptides in LepRLH cells and co-localization patterns in the
LH. A. Fixed coronal sections from LepR-Cre x L-tdTomato mice underwent fluorescent
in situ hybridization (FISH) with anti-sense RNA probes for Nts, Gal, Cartpt, Tac1 and Crh
(“Neuropeptide” - red channel) followed by immunohistochemistry (IHC) for tdTomato (“LepR”
- green channel) and imaging. The percentage of Neuropeptide+LepR+ cells out of the total
LepR+ in the LH was quantified, as represented in the barplots (mean, n=3 hypothalami). B.
Localization of Neuropeptide+LepR+ cells was observed under the microscope and drawn on
representative graphic images of coronal sections from the mouse Brain Atlas [146], which
were adapted for this figure. Arc: Arcuate nucleus of the Hypothalamus, 3V: 3rd Ventricle, DMH:
Dorsomedial Hypothalamus, VMH: Ventromedial Hypothalamus, LH: Lateral Hypothalamus,
PeF: Perifornical area, f: Fornix, MTu: Medial Tuberal nucleus.
DMH and Arc (ABA) and has been identified in a GABAergic cluster of the LH [80]. This
cluster also expressed Sst and Col25a1; nevertheless, there was no enrichment of these
markers in LepRLH neurons of our dataset, suggesting that LepR/Asb4 expressing cells form
a separate population of neurons. Dlx1, a transcription factor involved in the production
of Agrp and Ghrh neurons during development [152], is expressed in the DMH, Arc, ZI and
lightly in the LH (ABA).
GPCRs Besides the Arc, the GPCR Y1 for Npy (Npy1r) is also expressed in the LH (ABA &
[153]) and its signaling mediates NPY’s effects on chow intake [154]. The LH receives input
from Npy/Agrp cells in the Arc [155], but also from Npy-expressing cells in the DMH [156].
It is also highly-probable that Npy1rLHcells receive input directly from Npy-expressing
neurons resided in the LH, which are glucose-sensing [157]. Finally, another GPCR, Gpr101,
is mainly expressed in the DMH, VMH, PVN as well as the LH (ABA), and its expression
in the posterior hypothalamus is increased by fasting but decreased in the ob/ob mouse
[158].
A handful of genes with an association with energy balance were identified to be enriched
in LepRLH neurons and have proven expression in the LH and thus can be used as marker
genes and be investigated further.
LepRLH-enriched markers with widespread expression in the hypothalamus (ABA)
We continued exploring potential markers of LepRLH neurons by looking at which genes
have widespread expression in the hypothalamus based on ISH data (ABA) and have
relevance with obesity and diabetes. The transcription factor Isl1 has an important role
in melanocortin neuron development in the hypothalamus [159], and has been found to
be associated with diabetes type 1 and 2 [160], [161]. The transporter Cacna1e has been
associated with type 2 diabetes and obesity [162], [163]. In the Arc, Cacna1e regulates
leptin-induced excitation of POMC neurons with possible effects on hepatic insulin
production and insulin resistance [164] and it could potentially have a similar function in
LepRLH neurons. Kdm6b, a selective H3K27me3 demethylase, has widespread expression
throughout the body. Its knock-out in RIP-Cre neurons in the Arc is associated with
increased obesity [165], suggesting that it may also regulate the function of LepRLH neurons.

Transcriptional response of TRAP-targeted cells to fasting
In order to determine the transcriptional response of LepRLH neurons to food restriction,
we fasted mice for 24 hours before TRAP-seq and performed differential expression analysis between fed and fasted conditions. Weight gain as well as food and water intake were
monitored before the fasting protocol, showing no differences between fed and fasted mice
(Figure S1a, b), while the 24-hour food restriction caused significant weight loss (Figure S1c).
Differential expression (DE) analysis of LepRLH-enriched mRNA between fasted and fed mice
revealed differences in gene expression levels induced by energy deficit (sup. Table 4).
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Figure 3 Genes significantly enriched in IP over IN fraction categorized by molecular function.
Barplots represent RNAseq results of the Fold-enrichment (IP/IN of normalized counts) in x-axis
of the top 10 most significantly enriched genes between the IP and IN fractions (mean±SEM)
per type of molecular function (sorted by adjusted p value).
It is known that 24-hour fasting induces Lepr upregulation in the Arc and VMH [166], while
total hypothalamic expression of Nts, Gal, Tac1 and Cartpt is not changed [167]–[169]. Crh
is upregulated by fasting in the hypothalamus [169], a change which is probably driven by
the PVN, in which Crh is most prominently expressed. However, it is not known how these
neuropeptides are regulated by fasting specifically in the LH or in LepR cells. Therefore, we
examined whether food restriction would change the expression levels of the five neuropeptides as well as LepR in LepRLH-enriched samples from fasted and fed mice. There was no difference in Lepr, Nts, Gal, Cartpt or Crh expression levels, while Tac1 was slightly upregulated
by fasting (log2FoldChange = 0.84, p = 0.002).
When looking at the top regulated genes by fasting (with adjusted p < 0.05), there were 10
significantly DE genes with adjusted p<0.05 out of which 3 were upregulated (Fam107a,
Ubr3a, Ormdl1) and 7 were downregulated by fasting (Fosl2, Rrad, Crem, Fos, Fam46a, Rgs4,
Hdac5) (figure 4a). Within the downregulated genes, we observed the immediate early gene
Fos, confirming previous immunohistochemical data [141] which show that food deprivation
induces a decrease in the percentage of LepRLH neurons that engage in cFos, from 12% in fed
to 5% in fasted mice.
Fasting downregulated the expression of transcription factors Fosl2, Crem, Hdac5, all of
which are associated with energy balance. Hdac5 (Histone deacetylase 5) is a key epigenetic
regulator of leptin’s actions in the hypothalamus, by controlling leptin signaling via STAT3
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Figure 4 Genes differentially regulated by fasting. A. Heatmap of ten (10) genes that were
differentially regulated by 24-hour fasting (adjusted p < 0.05, n=3 samples / condition).
B. Representative images of in situ hybridization (ISH) stainings for Fam46a and Rrad in
the mouse hypothalamus (bregma points -1.4 and -1.8 mm) from the Allen Brain Atlas
database.
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deacetylation, while it regulates POMC (and not Agrp) expression and protects against
diet-induced obesity [170]. The transcription factor Fosl2 promotes leptin gene expression
in human and mouse adipocytes [171]. Crem belongs to the family of transcription factors
CREB that promote insulin resistance in obesity in adipocytes [172].
The enzyme Fam46a, a translocator of leptin in adipocytes, was also downregulated by
fasting. Fam46a is expressed prominently in the LH, PVN, SON and DMH (ABA) (Figure 4b)
and is associated with Body mass index (BMI) [173]. Rgs4 (regulator of G-protein signaling-4)
is a negative regulator of insulin release from pancreatic β-cells in vitro and in vivo (Ruiz de
Azul et al., 2010, PNAS) and controls fatty acid and glucose homeostasis [174], while its
expression in the whole hypothalamus is downregulated by fasting [168]. Finally, Rrad (Ras
Associated with Diabetes), which is expressed in the LH, DMH and VMH (ABA) (Figure 4c), is
associated with type II diabetes by affecting insulin resistance and glucose intolerance [175]
and is overexpressed in the white adipose tissue of obesity-prone rats [176].
Overall, food deprivation caused changes in the expression of many key players in energy
balance and metabolic diseases. It would be interesting to characterize these genes as
mediators of leptin’s action in the LH and if and how they regulate neuropeptide expression
as well as to unravel their role in energy homeostasis.

Conclusion
Using viral RNA TRAP, we successfully profiled translated mRNAs of LepRLH neurons. Our
approach, to our knowledge, is the first identification of the molecular signature of LepR
neurons specifically in the LH, where the role of leptin is less studied. We identified several
genes enriched in LepRLH neurons with relevance to energy balance and metabolic diseases
providing novel avenues for future studies. While expression of few of these genes (e.g.
Acvr1c, Npy1r, Itgb1, Cacna1e) in the LH and in other hypothalamic nuclei has already been
demonstrated, further characterization of their localization, function and their relation to
leptin would provide insight on their metabolic function.
We also explored the transcriptional response of LepRLH neurons to fasting. Neither Lepr nor
four out of five established neuropeptides (Nts, Gal, Cartpt, Crh) were differentially regulated
by food deprivation of 24 hours, with Tac1 being slightly increased. However, among the top
DE genes, the transcription factors Hdac5, Fosl2 and Crem were downregulated, indicating
that food deprivation of 24 hours induces changes in key transcriptional players and that
potentially a longer food deprivation could induce more robust transcriptional changes.
Therefore, exploring longer fasting protocols and the target genes of these transcription
factors would add significant knowledge to how LepRLH neurons respond to energy deficit.
Fasting also induced changes in expression levels of genes not previously reported to be
affected in the whole hypothalamus with association to energy balance, such as the enzyme
Fam46a as well as the GTP-binding protein Rrad, which are expressed prominently in the LH.
Overall, our dataset captures important information of rare cell types. We show that
GABAergic LepRLH neurons are diverse, reveal a set of genes that discriminate them from
other LH cell types, and identify several obesity- and metabolism-related genes involved in
their response to fasting. Our results can be the starting point of further characterization and
studies about the involvement of this population, or its subpopulations, in diseases related
to metabolism and energy balance.
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Materials & Methods
Animals

Adult male ObRb-IRES-Cre mice (B6.129(Cg)-Leprtm2(cre)Rck/J) [LepR-Cre] and ObRb-IRESCre crossed with Rosa-CAG-LSL-tdTomato-WPRE::ΔNeo (008320& 007914, Jackson laboratories, Bar Harbor, ME, US) [LepR-tdTomato] on C57Bl/6J background were used. Mice were
housed socially and kept under a 12:12 hr light-dark cycle with lights off at 19:00. After surgery
mice were single-housed and kept under a 12:12 light-dark cycle with lights off at 01:00. Mice
were kept at room temperature (21 ± 2ºC) and 40-60% of humidity conditions. They were fed
with standard chow (Special Diet Service, Essex, UK) and tap water ad libitum. For the 24 hours
of fasting protocol, chow was completely removed at 13:00 – 24 hours (which always included
the full 12h dark period when normally most food intake occurs) before performing the TRAP
protocol. All experiments were approved by the Animal Ethics Committee of Utrecht University
and conducted in agreement with Dutch laws (Wet op de Dierproeven, 1996; revised 2014) and
European regulations (Guideline 86/609/EEC; Directive 2010/63/EU).

AAV production
Plasmid pAAV-FLEX-EGFPL10a (kind gift from Alexander Nectow [11]) was packaged in
AAV serotype 5 and rAAV1-FLEX-EGFPL10a was generated as described earlier [177].
Virus titer (number of genomic copies) was determined with RT-PCR with primers binding
on the wPRE element.

Surgeries
Two to three month-old ObRb-Cre (LepR-Cre) mice were anesthetized with ketamine (75
mg/kg, Narketan, Vetoquinol BV, Breda, The Netherlands) and medetomidine (1 mg/kg,
Sedastart, AST Farma BV, Oudewater, The Netherlands). Mice were given eye cream (CAF,
CEVA SanteAnimale BW, Naaldwijk, The Netherlands) and were placed on a stereotaxic
apparatus (David Kopf Instruments, Tujunga, USA or Configuration Stereotaxic, 68U017, UNO,
The Netherlands). A small incision was made along the midline of the skull and additional
analgesia was applied by spraying Xylocaine (lidocaine 100mg/ml, AstraZeneca BV, The Hague,
The Netherlands) on the skull. 0,2 uL of rAAV1-FLEX-EGFPL10a (1-4 x 10^9 g.c. per uL) was
injected bilaterally using a 34G stainless steel needle connected to a 10ul Hamilton syringe
at a rate of 0.1 uL/min in the lateral hypothalamus (-1.10 anteroposterior (AP), ±1.90 mm
mediolateral (ML) from Bregma, and −5.30 mm dorsoventral (DV) from the skull, at an angle of
10°). After injection, the needle was maintained at its injection position for 15 min. After surgery,
the animals were given carprofen for pain relief (5 mg/kg per day for 3 days, subcutaneous (s.c.))
and saline (0.4ml/10gr, once, s.c.).

TRAP protocol
The protocol previously published was followed [9] and was performed in 7 batches of mice.
4 to 5 weeks after surgery, food was removed 1 hour before starting the protocol. Mice were
sacrificed between 13:00 and 13:30 by manual decapitation after isoflurane anesthesia.
Brains were rapidly removed and kept in fresh dissection buffer (1x HBSS, 2.5 mM HEPES pH
7.3, 35 mM Glucose, 4 mM NaHCO3, 100 ug/mL CHX). Hypothalami were microdissected,
placed in homogenization buffer (10 mM HEPES pH 7.3, 150 mM KCl, 5 mM MgCl2, 100 ug/
mL CHX, Complete-EDTA-free protease inhibitor (4693124, Roche), 1:100 RNasin RNase
inhibitor(N2515, Promega), 1:100 Superasin RNase inhibitor(AM2696, Invitrogen, Carlsbad,
CA, US) and 0.5 mM DTT) and homogenized in a tabletop homogenizer (E7000.25, Eberbach,
St. Belleville, MI, US). The lysate was centrifuged for 10’ at 2000g at 4 degrees, NP-40 and
freshly-dissolved DHPC were added to the supernatant at a final concentration of 1% and
30 mM and the supernatant was centrifuged for 15’ at 20000g at 4 degrees. 5% of the new
supernatant was saved as input (hypothalamic) samples (IN) and the rest was incubated
overnight (17-18 hours) at 4 degrees with gentle end-over-end mixing in a tube rotator with
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Streptavidin MyOne T1 Dynabeads (65601, Invitrogen) pre-coated with monoclonal anti-GFP
antibodies (clones 19C8 and 19F7, Memorial Sloan-Kettering Monoclonal Antibody Facility, NY,
US). Beads were collected on magnet and 5% of the supernatant was saved as unbound (UB)
fraction. Beads were washed 4 times with high-salt buffer (10 mM HEPES KOH (pH 7.3), 350
mM KCl, 10 mM MgCl2, 1% NP-40, 100 ug/mL CHX, 1:100 RNasin RNase inhibitor and 0.5 mM
DTT). RNA was washed off from beads (IP fraction) using lysis buffer with β-Mercaptoethanol
from Absolutely RNA Nanoprep kit (400753, Stratagene, San Diego, CA, US). All samples (IP,
UB and IN) were purified with the Nanoprep kit following the manufacturer’s instructions. RNA
quality was assessed with Eukaryote total RNA Picochips on a 2100 Expert Bioanalyzer (Agilent,
Santa Clara, CA, US). In total 13 samples (including IP, UB and IN fractions) were collected from
fed and fasted mice with 4-6 hypothalami per sample. 2 samples with RNA Integrity number
(RIN) lower than 6.5 were excluded and 6 samples with very low RNA yield were merged by
2, resulting in 4 “fed” and 4 “fasted” samples used subsequently to generate cDNA libraries for
RNA sequencing.

CEL-Seq library preparation and Next Generation Sequencing
A modified CEL-Seq protocol [178] was used to generate CEL-Seq libraries. Briefly, 0,72,8 ng of IP and 10,8 ng of IN RNA were reverse-transcribed with Superscript II (18064,
Invitrogen) using barcoded polyT primers, followed by 2nd strand synthesis using DNA
polymerase I (18010017, Thermo Fisher Scientific), ThemoFisher Scientific). The cDNA was
in vitro transcribed using the T7 Megascript kit (AM1334, Invitrogen). RNA was fragmented
in 75’’ at 94 degrees in fragmentation buffer (200mM Tris-acetate, pH 8.1, 500 mM KOAc,
150 mM MgOAc) and stopped with Fragmentation stop buffer (0.5 M EDTA). RNA quality
and amount was assessed with Eukaryote total RNA Picochips on a 2100 Expert Bioanalyzer. 1.7-16.8 ng of RNA underwent reverse transcription followed by PCR amplification
of 10-15 cycles with uniquely indexed RNA PCR primers (Illumina rpi primers) assigned to
each sample. cDNA quality was assessed with High Sensitivity DNA Assay on a Bioanalyzer
and concentrations were assessed with Qubit (Thermofisher, Waltham, MA, US). Libraries
were sequenced on an Illumina NextSeq500 using 1 x 75 bp high output end sequencing
modified for paired-end sequencing (26-6-60 read1-index-read2).

RNA sequencing analysis
RNA-seq reads were aligned to annotated exons using the mm10 mouse reference
genome and to the L10:GFP sequence using bwa mapping. Reads that did not align or
aligned to multiple locations were discarded. Two samples (one from fed and one from
fasted groups) were removed: in the former sample the IP fraction had very low number
of reads and in the latter sample the IP fraction had extremely high amount of reads
for LepR. Mitochondrial genes and gene Rn45s were excluded. DESeq2 [179] was used
to normalize the reads according to the dispersion profile of the whole dataset and to
perform differential expression analysis between LepRLH and hypo fed samples as well
as between fed and fasted in IP samples. We calculated fold-enrichment as normalized
reads in LepRLH divided by normalized reads in hypo samples. For the LepRLH and hypo
comparison, enriched genes in either the IP or the IN fraction were filtered for an adjusted
p value cutoff of <0.01 and |log2| fold change > 1.5. For annotating the enriched genes in
IP, we used online databases for secreted proteins (Uniprot), transcription factors (Riken
TFdb) and GPCRs, catalytic receptors, enzymes, ion channels and transporters (IUPHAR).
For the fed and fasted comparison, differentially expressed genes were filtered for an
adjusted p value cutoff of <0.05.

Histology
Two to three weeks after surgery animals were sacrificed with sodium pentobarbital overdose
(200 mg/mL, Euthanimal, Alfasan BV, The Netherlands). Animals were perfused with icecold 1x phospate buffered saline (PBS) pH 7.3, followed by ice-cold 4% paraformaldehyde
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(PFA) in 1x PBS pH 7.3. Brains were removed and incubated for 6 hours or overnight in
4% PFA for in situ hybridization and immunofluorescence respectively, then transferred
consecutively to 20% for 1 day and 30% sucrose solution (in 1x PBS) for 2 days. Brains
were snap-frozen by isopentane immersion and stored at -80°C. Coronal sections of the
hypothalamus were sliced in a cryostat (Leica, Wetzlar, Germany). For in situ hybridization
20 um sections were mounted on Superfrost slides and stored at -80 degrees, whereas for
immunofluorescence 40 um free-floating sections were collected in PBS 1x with Sodium
Azide 0.01% and stored at 4 degrees.

Immunofluorescence for GFP
Free-floating sections were incubated with blocking solution (10% normal goat serum
(NGS), 1% Triton X-100 in 1x PBS) for 1 hour at room temperature (RT), followed by
overnight incubation at 4 degrees with chicken anti-GFP (ab13970, Abcam, Cambridge,
UK) 1:1000 in carrier solution (3% NGS, 0,25% Triton X-100 in 1x PBS). Sections were then
incubated with the goat anti-chicken 488 (ab150169, Abcam, Cambridge, UK) 1:500 in
carrier solution for 1 hour at RT and in DAPI (1:1000 in PBS 1x) for 15-30 minutes at RT.
Between all steps sections were washed 3 times for 5-10 minutes in PBS 1x. Sections were
then mounted on microscope glasses, let to dry and covered with Fluorsave (Calbiochem,
San Diego, CA, US).

Cloning and DIG probe labeling
PCR with forward and reverse primers (see Table 1) was performed on mouse hypothalamic
cDNA (isolated with miRNeasy Mini Kit, Qiagen, Hilden, Germany). PCR products were
ligated into pGEMT.easy (Promega, Madison, WI, US) and sequenced with Sanger
sequencing. PCR with SP6 and T7 primers was performed. cDNA probes were incubated
for 2 hours at 37 degrees with Dig RNA labeling mix (11277073910, Merck, Germany) and
SP6 or T7 RNA polymerase (1487671 and 881775, Roche, Basel, Switzerland).
Gene

Forward primer (5’->3’)

Reverse primer (5’->3’)

Cartpt

GCGCTATGTTGCAGATCGAA

ACATGCTTCAATTTGTGTGGCT

Crh

TGCGTGCTTTCTGAAGAGGG

TTTTGGCCAAGCGCAACATT

Gal

ATCCAGCCCGCCACTCTTCA

ACAGCTTCAAAGCAGAGAACAGA

Nts

AGAAGAAGATGTGAGAGCCCTG

TGCTTTGGGTTAATAACGCTCC

Tac1

ATGAAAATCCTCGTGGCCGT

TCATACAATGACTGAAGACCAGAGA

Table 1 Probes used in FISH

Fluorescent in situ hybridization and immunofluorescence for tdTomato
Slides with 20 um hypothalamic sections were thawed at room temperature (RT) for 1
hour. Sections were incubated with 1,32% triethanolamine and 0,18% HCl for 10’ at RT
and with hybridization mix (50% deionized formamide, 5x SSC buffer, 5x Denharts, 250
μg/ml tRNA baker’s yeast and 500 μg/ml Sonificated Salmon Sperm DNA) for 2 hours at
RT. Sections were incubated with RNA probes (400 ng/mL hybridization mix) overnight
at 68 degrees. Slides were transferred to 2x SSC at 68 degrees and then immediately to
0.2x SSC at 68 degrees for 2 hours. After that, sections were treated with 0,3% hydrogen
peroxide in 1x TBS for 30’ at RT, blocked with TNB blocking buffer (from TSA Plus Cyanine
3 System, NEL744001KT, PerkinElmer, Waltham, MA, US) for 1 hr at RT and incubated with
anti-DIG-POD (1:500, 11207733910, Roche) and rabbit anti-RFP (1:1000, 600-401-379,
Rockland, Limerick, PA, US) in TNB blocking buffer overnight at 4 degrees. Sections were
then incubated with Cyanine 3 Tyramide amplification reagent (1:50 in 1X amplification
diluent) from TSA kit for 10-15’ at RT followed by incubation with goat anti-rabbit 568
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(1:500,ab175471, Abcam, Cambridge, UK) in TNB blocking buffer and DAPI (1:1000 in 1x
PBS). Between steps sections were washed 4x5’ with 1xTNT buffer (0,1M Tris-HCl, pH7.5,
0,15M NaCl, 0,05% Tween20). Sections were let to dry and covered with Fluorsave reagent
(Calbiochem, San Diego, CA, US).

Imaging and Image analysis
For each batch of surgeries, we confirmed expression of GFP in the LH. However, it was not
possible to detect GFP expression under fluorescent light during the dissection, probably
due to the low number of targeted cells and the autofluorescence of the tissue. Therefore,
to assess expression of GFP in the batches of mice that were used for TRAP, the brains of
1 or 2 mice per batch were fixed 2 weeks after surgery and hypothalamic sections were
processed in order to immunohistochemically detect GFP (see below). At the microscope
we confirmed that most of GFP cells were located in the LH. For quantifications of GFP
expression, 10x magnification pictures were taken with an epi-fluorescent microscope
(Zeiss Scope A1, ZEISS, Germany). Five sections with an interval of 0,2-0,3 mm ranging
from -1.1 to -2.4 mm caudal to bregma (as indicated in [146]), were selected. GFP cells
in the LH, ZI and PeF were manually counted using the Cell Counter plugin in ImageJ. For
quantifications of co-localized cells regarding FISH for neuropeptides and tdTomato IHC,
the same settings were used, except that 20x magnification of the LH, ZI, PeF, Tu were
taken. We quantified the total number of tdTomato cells located in the LH/ZI/PeF/Tu and
the number of tdTomato cells co-expressing the corresponding neuropeptide, in order to
calculate the percentage of LepRLH cells expressing each neuropeptide.

Statistical analyses
Regarding body weight and food intake data, statistical analyses were performed with
GraphPad Prism 7.0 (Graphpad Software, San Diego, CA, US). Data was checked for normality
before doing statistical tests.
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Supplementary Material

1

Figure S1 Food intake and body weight before TRAP. A Body weight of mice measured
every 2-3 days, starting 10 days before TRAP up to 1 day before TRAP (two-way ANOVA:
no effect). B Average daily consumption of chow and water starting 10 days before TRAP
up to 1 day before TRAP (individual unpaired t-tests for chow: no effect, water: no effect).
C Percentage of body weight change between 1 day before and TRAP day in fed and fasted
animals (two-way ANOVA; interaction effect (day x condition): F (1, 59) = 29,78, p < .0001;
post-hoc Sidak’s test: p = 0,9747 for fed (n=28), p < .0001 for fasted mice (n=33)). Data
presented as mean±SEM.
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Sup. table 1 Read counts after normalization by DESeq2 and results of differential expression analysis with DESeq2 between 3 fed LepRLH (IP)
and 3 fed hypothalamus (IN) samples. lfcSE: Standard error of log2FoldChange , padj: adjusted p value. Top 30 genes are listed ordered by lowest
to highest adjusted p value.
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-17.293.573.268.276.500

-17.737.363.797.820.300

-17.517.889.438.096.900

-17.741.880.311.586.500

-18.434.775.011.552.700

-18.471.378.756.611.500

-16.681.694.362.280.000

-19.271.015.020.155.800

-19.298.821.392.939.200

-19.512.057.552.194.900

-19.572.428.158.306.000

-17.126.071.878.348.300

-1.840.806.640.299.890

-16.337.466.303.086.100

-16.724.023.613.534.100

-1.899.394.913.969.870

-19.539.478.301.176.200

-17.463.737.120.919.900

-1.988.491.688.860.580

-19.480.336.977.515.100

Z-score

14.505.535.959.166.800

14.644.880.564.615.900

1.469.368.829.859.810

14.881.567.785.360.400

15.462.755.306.895.500

15.493.457.865.120.600

1.603.380.895.319.010

16.164.178.276.406.200

1.618.750.175.814.400

1.636.636.038.544.410

1.641.699.815.614.870

16.460.927.688.313.400

17.693.131.974.094.000

178.069.979.199.671

18.228.325.505.003.600

182.562.601.351.314

18.780.601.977.366.700

1.903.457.517.940.390

19.112.624.384.420.800

21.232.565.295.228.300

Combined Score

Sup. table 2 Results of comparison of the 342 LepRLH-enriched genes (excluding GFP) with upregulated genes across brain regions provided by the
Allen Brain Atlas using the Enrichr platform. Top 20 brain regions listed ordered by lowest to highest p value

Overlap

Term

Sup. table 2

1

catalytic_
receptor
catalytic_
receptor

enzyme
enzyme

enzyme
enzyme

1310075; 15489334; 27502274
8548812; 8608603; 8628397; 8616721; 8692797; 9322935;
9344648; 9845674; 9732873; 10660043; 11108838; 10799542;
11018044; 11861497; 12196522; 11923481; 12594516;
17620316; 21183079; 20223942; 25232147; 25383904
15485907; 16141072; 19468303; 15489334
8552669; 15489334
16141072; 19468303; 15489334; 17242355; 21183079
1429845; 11254383
19468303; 15489334; 14621295; 16141072; 9854018;
17825402; 21095589
9464245; 16141072; 15489334; 15522238; 21183079;
20097939; 21173151; 28521611; 28165339; 28165343;
28262793
10433800; 9755855; 10375622; 16141072; 15489334;
11108241; 10799547; 10882063; 12907434; 17245433;
19144319; 21183079
19468303; 15489334; 9499428; 9854018; 15345747;
21183079; 21095589; 23503590; 24129315
12749859; 12791994; 16141072; 15489334; 22977230
16141072; 15489334; 8910519; 9121475; 10818102;
11777936; 17403031; 17242355; 19144319; 21183079;
20974804; 23806337
10729225; 16141072; 19468303; 15489334; 15345747;
16236808; 15879576; 19367327; 21183079; 20819953;
21684272

activin-activated receptor activity [GO:0017002]; activin binding [GO:0048185]; ATP binding [GO:0005524]; growth factor
binding [GO:0019838]; inhibin binding [GO:0034711]; metal ion binding [GO:0046872]; protein serine/threonine/tyrosine kinase
activity [GO:0004712]; protein serine/threonine kinase activity [GO:0004674]

cytokine binding [GO:0019955]; cytokine receptor activity [GO:0004896]; identical protein binding [GO:0042802]; leptin
receptor activity [GO:0038021]; peptide hormone binding [GO:0017046]; protein-hormone receptor activity [GO:0016500];
transmembrane signaling receptor activity [GO:0004888]

activin binding [GO:0048185]; activin receptor activity, type I [GO:0016361]; ATP binding [GO:0005524]; BMP receptor binding
[GO:0070700]; growth factor binding [GO:0019838]; metal ion binding [GO:0046872]; nodal binding [GO:0038100]; protein
serine/threonine kinase activity [GO:0004674]; SMAD binding [GO:0046332]

cytokine binding [GO:0019955]; cytokine receptor activity [GO:0004896]; interleukin-13 receptor activity [GO:0016515];
interleukin-2 binding [GO:0019976]

ATP binding [GO:0005524]; enzyme binding [GO:0019899]; guanyl-nucleotide exchange factor activity [GO:0005085]; metal ion
binding [GO:0046872]; protein serine/threonine kinase activity [GO:0004674]; Rho guanyl-nucleotide exchange factor activity
[GO:0005089]

metalloendopeptidase activity [GO:0004222]; metallopeptidase activity [GO:0008237]; zinc ion binding [GO:0008270]

beta-catenin binding [GO:0008013]; chromatin binding [GO:0003682]; chromatin DNA binding [GO:0031490]; dioxygenase
activity [GO:0051213]; histone demethylase activity (H3-K27 specific) [GO:0071558]; metal ion binding [GO:0046872]; RNA
polymerase II proximal promoter sequence-specific DNA binding [GO:0000978]; sequence-specific DNA binding [GO:0043565]

carboxy-lyase activity [GO:0016831]; pyridoxal phosphate binding [GO:0030170]; sphinganine-1-phosphate aldolase activity
[GO:0008117]

endopeptidase activity [GO:0004175]; integrin binding [GO:0005178]; interleukin-6 receptor binding [GO:0005138]; metal ion
binding [GO:0046872]; metalloendopeptidase activity [GO:0004222]; metallopeptidase activity [GO:0008237]; Notch binding
[GO:0005112]; PDZ domain binding [GO:0030165]; serine-type endopeptidase activity [GO:0004252]; SH3 domain binding
[GO:0017124]

chromatin binding [GO:0003682]; chromatin DNA binding [GO:0031490]; dioxygenase activity [GO:0051213]; histone
demethylase activity (H3-K27 specific) [GO:0071558]; identical protein binding [GO:0042802]; metal ion binding [GO:0046872];
RNA polymerase II proximal promoter sequence-specific DNA binding [GO:0000978]; sequence-specific DNA binding
[GO:0043565]

ATP binding [GO:0005524]; enzyme binding [GO:0019899]; mitogen-activated protein kinase kinase binding [GO:0031434];
protein kinase binding [GO:0019901]; protein kinase inhibitor activity [GO:0004860]; transcription corepressor activity
[GO:0003714]; ubiquitin protein ligase binding [GO:0031625]; ubiquitin-protein transferase regulator activity [GO:0055106]

ATP binding [GO:0005524]; GTP-Rho binding [GO:0017049]; histone deacetylase binding [GO:0042826]; kinase activity
[GO:0016301]; protein kinase C activity [GO:0004697]; protein serine/threonine kinase activity [GO:0004674]; RNA polymerase
binding [GO:0070063]

ATP binding [GO:0005524]; cAMP-dependent protein kinase activity [GO:0004691]; protein serine/threonine kinase activity
[GO:0004674]

Acvr2b

Lepr

Acvr1c

Il13ra1

Kalrn

Mmp11

Kdm6b

Sgpl1

Adam17

Kdm6a

Trib3

Pkn2

Prkx

enzyme

enzyme

enzyme

enzyme

enzyme

catalytic_
receptor

catalytic_
receptor

catalytic_
receptor

Itgb1

Type

PubMed.ID
3262537; 16141072; 19468303; 15489334; 2523953; 2521606;
8567725; 8870969; 9553049; 10634791; 11805835; 12189152;
12941630; 15466886; 15181153; 15734730; 17947660;
18804435; 18483218; 19144319; 19656770; 21183079;
19903482; 21768292

Gene.ontology..molecular.function.

actin binding [GO:0003779]; alpha-actinin binding [GO:0051393]; cell adhesion molecule binding [GO:0050839]; collagen binding
[GO:0005518]; collagen binding involved in cell-matrix adhesion [GO:0098639]; C-X3-C chemokine binding [GO:0019960];
fibronectin binding [GO:0001968]; integrin binding [GO:0005178]; kinase binding [GO:0019900]; laminin binding [GO:0043236];
metal ion binding [GO:0046872]; protease binding [GO:0002020]; protein-containing complex binding [GO:0044877]; protein
domain specific binding [GO:0019904]; protein heterodimerization activity [GO:0046982]; protein kinase binding [GO:0019901];
signaling receptor activity [GO:0038023]; signaling receptor binding [GO:0005102]

Gene

Sup. table 3

19468303; 15489334; 16141072
15254222; 16141072; 9155017; 15489334; 11154262;
16162500; 17903173; 17689282; 20574055; 21183079;
20823271; 20927323
16141072; 15489334; 21183079

19097194; 19465597; 15489334; 16141072; 23792766;
25171405
11500515; 16141072; 17242355; 19144319; 21183079
7893599; 16141072; 12200423; 15511237; 15177563;
16148943; 16817901; 17468767; 19622832; 19244231;
20140255; 23993098
16141072; 15489334
8662814; 7575502; 7528319; 17242355; 21183079
19468303; 15489334; 16141072; 21183079
15489334
8621389; 15489334; 12391307; 14634666; 17242355;
21183079
7566181; 19468303; 9622634; 10788519; 11127814
15368895; 19468303; 16141072; 15489334; 19144319;
21183079
19468303; 15489334; 21183079
19468303; 12679517; 16141072; 15489334; 15192078;
16406039; 16785743; 17079737; 17850793; 18651655;
18955481; 18424556; 19605502; 20638054; 21523854;
21508962; 21727895; 21693646; 23533175; 23393138;
23589304; 23444378; 24353284; 29769720
1468559; 8530415; 15489334; 21183079
7988453; 16141072; 19468303; 15489334
8172596; 19036988
12591167; 15489334

ATP binding [GO:0005524]; calcium-dependent protein serine/threonine kinase activity [GO:0009931]; calmodulin binding
[GO:0005516]; calmodulin-dependent protein kinase activity [GO:0004683]; metal ion binding [GO:0046872]; protein serine/
threonine kinase activity [GO:0004674]

ATP binding [GO:0005524]; cyclin-dependent protein serine/threonine kinase activity [GO:0004693]; kinase activity
[GO:0016301]; protein kinase activity [GO:0004672]; Rac GTPase binding [GO:0048365]

ATP binding [GO:0005524]; metal ion binding [GO:0046872]; protein serine/threonine kinase activity [GO:0004674]; transcription 18600476; 15368895; 19468303; 15489334; 10806483;
factor binding [GO:0008134]
16055717; 19305393; 21183079
15893606; 16141072; 19468303; 15489334

ATP binding [GO:0005524]; cyclin-dependent protein serine/threonine kinase activity [GO:0004693]; RNA polymerase II CTD
heptapeptide repeat kinase activity [GO:0008353]

ATP binding [GO:0005524]; protein serine/threonine kinase activity [GO:0004674]

ATP binding [GO:0005524]; non-membrane spanning protein tyrosine kinase activity [GO:0004715]; protein kinase activity
[GO:0004672]

AP-2 adaptor complex binding [GO:0035612]; ATP binding [GO:0005524]; phosphatase regulator activity [GO:0019208]; protein
kinase activity [GO:0004672]; protein serine/threonine kinase activity [GO:0004674]

14-3-3 protein binding [GO:0071889]; ATP binding [GO:0005524]; cAMP response element binding protein binding
[GO:0008140]; histone deacetylase binding [GO:0042826]; magnesium ion binding [GO:0000287]; protein kinase binding
[GO:0019901]; protein serine/threonine kinase activity [GO:0004674]

ATP binding [GO:0005524]; protein kinase activity [GO:0004672]; protein serine/threonine kinase activity [GO:0004674]

adenylate cyclase activity [GO:0004016]; ATP binding [GO:0005524]; metal ion binding [GO:0046872]

ATP binding [GO:0005524]; protein kinase activity [GO:0004672]; protein serine/threonine kinase activity [GO:0004674]

ATP binding [GO:0005524]; protein serine/threonine kinase activity [GO:0004674]

ATP binding [GO:0005524]; MAP kinase kinase kinase activity [GO:0004709]; metal ion binding [GO:0046872]; protein kinase
activity [GO:0004672]; protein serine/threonine kinase activity [GO:0004674]

metal ion binding [GO:0046872]; metalloendopeptidase activity [GO:0004222]; SH3 domain binding [GO:0017124]

chromatin DNA binding [GO:0031490]; dioxygenase activity [GO:0051213]; histone demethylase activity (H3-K9 specific)
[GO:0032454]; metal ion binding [GO:0046872]; transcription regulatory region sequence-specific DNA binding [GO:0000976]

alpha-1,3-mannosyltransferase activity [GO:0000033]; dol-P-Man:Man(5)GlcNAc(2)-PP-Dol alpha-1,3-mannosyltransferase
activity [GO:0052925]

heparin binding [GO:0008201]; protein-hormone receptor activity [GO:0016500]; Roundabout binding [GO:0048495];
transmembrane signaling receptor activity [GO:0004888]

neuropeptide Y receptor activity [GO:0004983]; pancreatic polypeptide receptor activity [GO:0001602]; peptide YY receptor
activity [GO:0001601]

amylin receptor activity [GO:0097643]; calcitonin binding [GO:0032841]; calcitonin gene-related peptide receptor activity
[GO:0001635]; calcitonin receptor activity [GO:0004948]

melanocortin receptor activity [GO:0004977]; melanocyte-stimulating hormone receptor activity [GO:0004980]; neuropeptide
binding [GO:0042923]; peptide hormone binding [GO:0017046]

G protein-coupled GABA receptor activity [GO:0004965]

Cdk8

Mknk2

Cdkl5

Stk36

Stk40

Pkdcc

Bmp2k

Sik1

Pskh1

Adcy9

Stk35

Sbk1

Map3k3

Adam12

Jmjd1c

Alg3

Lgr4

Npy1r

Calcr

Mc3r

Gpr156

gpcr

gpcr

gpcr

gpcr

gpcr

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

enzyme

Continues in next page

15489334; 16141072; 12386165; 14707132; 15345747;
17242355; 21183079

ATP binding [GO:0005524]; identical protein binding [GO:0042802]; magnesium ion binding [GO:0000287]; protein kinase
binding [GO:0019901]; protein serine/threonine kinase activity [GO:0004674]

Oxsr1

1

gpcr
gpcr

ion channel

ion channel

miRNA
other_protein
Processed
pseudogene
secreted
protein

16141072; 12679517; 25470569
8262253; 16141072; 19468303; 15489334; 15956199;
19259266
10729222; 11093753

#N/A
#N/A
12055244; 12925852; 16141072; 15489334; 12906861;
12939639; 15294965; 15682454; 19656770; 19349973
16141072; 19468303; 15489334; 21183079
#N/A
1718822; 15489334; 12659817; 15638460; 21183079;
16141197
16141072; 15489334; 19204325; 26794318; 29146868

G protein-coupled receptor activity [GO:0004930]

lysophosphatidic acid receptor activity [GO:0070915]; PDZ domain binding [GO:0030165]

alpha-actinin binding [GO:0051393]; ankyrin binding [GO:0030506]; calcium channel activity [GO:0005262]; high voltage-gated
calcium channel activity [GO:0008331]; metal ion binding [GO:0046872]; PDZ domain binding [GO:0030165]; voltage-gated
12900400; 19468303; 2173707; 10929716; 11581302;
calcium channel activity [GO:0005245]; voltage-gated calcium channel activity involved in positive regulation of presynaptic
12700358; 16354915; 17947313; 21183079
cytosolic calcium levels [GO:0099635]; voltage-gated calcium channel activity involved SA node cell action potential [GO:0086059]
8071363; 17114649; 21183079

adrenergic receptor activity [GO:0004935]

calcium ion binding [GO:0005509]; protein N-terminus binding [GO:0047485]; voltage-gated calcium channel activity
[GO:0005245]; voltage-gated calcium channel activity involved in regulation of presynaptic cytosolic calcium levels [GO:0099626];
voltage-gated cation channel activity [GO:0022843]

#N/A

#N/A

identical protein binding [GO:0042802]; signaling receptor binding [GO:0005102]

#N/A

#N/A

serine-type endopeptidase inhibitor activity [GO:0004867]

actin binding [GO:0003779]; metallocarboxypeptidase activity [GO:0004181]

Gpr101

Gpr3

Lpar2

Cacna1d

Cacna1e

1700020I14Rik

Mir5109

Cd276

Brwd3

A730098P11Rik

Serpina3n

Vash2

Sup. table 3 List of LepRLH-enriched genes, including annotated gene ontology molecular function terms (Uniprot), relevant literature (Pubmed) and
annotation of type (Catalytic receptor, Enzyme, GPCR, Secreted protein, Transcription factor, Ion channel, transporter). Molecular function and Pubmed
columns are shortened because they are too lon. Top 50 listed sorted by alphabetical order of Type column

secreted
protein

other_protein

lncRNA

gpcr

gpcr

hormone binding [GO:0042562]; melanocortin receptor activity [GO:0004977]; melanocyte-stimulating hormone receptor activity
[GO:0004980]; neuropeptide binding [GO:0042923]; peptide hormone binding [GO:0017046]; ubiquitin protein ligase binding
16141072; 15489334; 14531729; 23869016
[GO:0031625]

Mc4r

Type
gpcr

PubMed.ID

Chrm2

Gene.ontology..molecular.function.

arrestin family protein binding [GO:1990763]; G protein-coupled acetylcholine receptor activity [GO:0016907]; G protein-coupled
receptor activity [GO:0004930]; G protein-coupled serotonin receptor activity [GO:0004993]; neurotransmitter receptor activity
19468303; 21183079
[GO:0030594]

Gene

Continuation of Sup. table 3

Sup. table 4
baseMean

log2FoldChange

lfcSE

stat

pvalue

padj

129,0346237

-1,669240035

0,234978691

-7,103793244

1,21378E-12

1,58775E-08

88,97804273

-1,862798934

0,26921227

-6,91944292

4,53423E-12

2,96561E-08

Rgs4

1066,414825

-0,711827474

0,111772466

-6,368540457

1,90835E-10

8,32106E-07

Crem

174,8811957

-1,364703325

0,235489213

-5,795184015

6,82463E-09

2,23182E-05

Fam46a

373,7234731

-0,731895249

0,132584742

-5,520207201

3,386E-08

8,85846E-05

Fos

213,1312463

-0,947987484

0,204370506

-4,638572872

3,50823E-06

0,007648531

Rrad
Fosl2

Ubr3

3089,100477

1,53196356

0,346438099

4,422041232

9,77728E-06

0,018270941

Fam107a

672,1430901

1,019256772

0,236922879

4,302061396

1,69216E-05

0,024594664

Ormdl1

27,06745415

1,8986914

0,440435167

4,31094414

1,62559E-05

0,024594664

Hdac5

564,6135789

-0,560014954

0,134359563

-4,168031978

3,07241E-05

0,040190174

Rpl37

62,54429962

1,333231776

0,331509971

4,021694346

5,7781E-05

0,068712121

G530011O06Rik

17,38930249

-2,440766943

0,611963594

-3,988418537

6,65152E-05

0,07250715

Rpl37a

1035,918429

0,630646743

0,159352766

3,957551289

7,5722E-05

0,076193838

Phlda1

233,8079021

-0,722627443

0,185572935

-3,89403467

9,85905E-05

0,092118784

Rbp4

22,3004122

2,018147026

0,528710843

3,817109204

0,000135024

0,117750293

Igf2

384,1422305

-1,463748995

0,385683369

-3,795209002

0,000147519

0,12060611

Sorcs3

149,0099204

0,912307537

0,241370705

3,779694542

0,000157021

0,120822941

Tiparp

85,3087896

0,91450947

0,243541244

3,755049671

0,000173307

0,125946124

Nfkbid

19,38505643

-1,947385471

0,522418453

-3,727635306

0,000193285

0,133071496

Purg

100,7472245

-0,965619926

0,264673014

-3,648350519

0,000263929

0,172623019

Fam43a

110,4035991

0,830172309

0,228586876

3,631758407

0,000281497

0,175345569

2410006H16Rik

199,2091942

0,760308821

0,212380334

3,579939844

0,000343673

0,195460462

Irx3

41,5841562

1,319921174

0,367761528

3,589068116

0,000331862

0,195460462

Ogdh

1347,714767

-0,368551098

0,104236706

-3,535713223

0,000406676

0,221655314

Ptchd2

59,57092642

0,996816804

0,287121864

3,471755128

0,000517068

0,270550529

Fezf2

33,67533129

-2,170700171

0,628186406

-3,455503256

0,000549267

0,276344455

Cox11

119,2787408

0,745750078

0,217772337

3,424448152

0,000616049

0,281431555

Dnajb1

547,2103244

-0,630361361

0,185246941

-3,402816572

0,00066695

0,281431555

Ermn

222,1944879

-0,949816429

0,277305001

-3,425168774

0,000614418

0,281431555

Rnf121

10,12360158

2,869439748

0,842029714

3,407765429

0,000654972

0,281431555

Slc18a2

37,43988589

1,392239859

0,408100251

3,411514337

0,000646031

0,281431555

Hsph1

1673,240245

-0,47697621

0,140622571

-3,391889402

0,000694125

0,28374509

AI836003

620,3505771

-0,627994285

0,187196832

-3,354727103

0,000794433

0,288666107

Acta2

54,66859249

-2,090532829

0,622168918

-3,360072753

0,000779219

0,288666107

Cdc42ep1

100,2655619

-1,26477521

0,375603744

-3,36731257

0,000759046

0,288666107

Rps23

468,9192465

0,798653165

0,237857532

3,357695502

0,000785951

0,288666107

Irx6

19,29471017

1,481221338

0,443900024

3,336835454

0,000847381

0,29169976

Rcc2

338,913572

-0,664647812

0,199128809

-3,337778267

0,000844511

0,29169976

Akap7

481,1019051

0,618762075

0,186338602

3,320632809

0,000898136

0,30124408

Gabrg1

125,2960656

1,005867677

0,305217516

3,295576518

0,0009822

0,321203795

D8Ertd82e

194,7066835

-0,745521589

0,228142565

-3,267788233

0,001083914

0,325492657

Gadd45g

183,0258765

0,770558393

0,235087808

3,277747147

0,001046391

0,325492657

Lrrn3

87,45771811

0,93497842

0,28617369

3,267171136

0,00108628

0,325492657

Vimp

74,86005254

0,915137506

0,280291691

3,26494697

0,001094846

0,325492657

Cd24a

100,4373753

0,905598435

0,279324327

3,242103703

0,001186508

0,332199416

Tmed3

147,3441216

0,893415741

0,275710958

3,24040708

0,001193592

0,332199416

Wnt7b

59,01044416

1,018646582

0,314036282

3,243722596

0,001179786

0,332199416

Pde1c

93,39227609

-0,827050275

0,257039339

-3,217601944

0,001292671

0,352279724

Itih2

5,275186623

-4,615850659

1,452269792

-3,178369944

0,001481056

0,387473991

Rprml

112,008029

0,963207401

0,302747472

3,181553904

0,001464873

0,387473991

Sup. table 4 Results of differential expression analysis with DESeq2 between 3 fasted and 3 fed
LepRLH samples. lfcSE: Standard error of log2FoldChange , padj: adjusted p value. Top 50 genes
are listed sorted by lowest to highest adjusted p value.
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You can live your whole life like it's a puzzle.
It’s full of these pieces that don't quite fit.
But at some point, you start to think it's you.
You're the piece that doesn't quite fit.
And you spend so long with that feeling,
That the feeling becomes your home.

Chapter 2

Abstract
Hypothalamic nuclei which regulate homeostatic functions express leptin receptor (LepR),
the primary target of the satiety hormone leptin. Single-cell RNA sequencing (scRNA-seq)
has facilitated the discovery of a variety of hypothalamic cell types. However, low abundance of LepR transcripts prevented further characterization of LepR cells. Therefore, we
perform scRNA-seq on isolated LepR cells and identify eight neuronal clusters, including
three uncharacterized Trh-expressing populations as well as 17 non-neuronal populations
including tanycytes, oligodendrocytes and endothelial cells. Food restriction had a major
impact on Agrp neurons and changed the expression of obesity-associated genes. Multiple
cell clusters were enriched for GWAS signals of obesity. We further explored changes in the
gene regulatory landscape of LepR cell types. We thus reveal the molecular signature of
distinct populations with diverse neurochemical profiles, which will aid efforts to illuminate
the multi-functional nature of leptin’s action in the hypothalamus.
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Introduction
Leptin is a hormone predominantly produced by white adipose tissue and secreted into
the blood circulation [39]. Leptin regulates metabolism and appetite by inhibiting food
intake, lowering body weight and increasing metabolic rate [180]. Circulating leptin levels
are proportional to body fat amount and body mass index (BMI) [181]. Leptin also responds
to acute changes in energy balance: fasting decreases and feeding increases leptin levels
[135]. Obese people have high circulating leptin levels suggesting decreased sensitivity to
leptin [135], [181], which is referred to as leptin resistance.
The hypothalamus plays a major role in the effects of leptin on energy balance, with strong
leptin receptor (LepR) expression in the Arcuate nucleus (Arc). The two most well studied
LepR neurons in the Arc are the orexigenic AGRP/NPY and the anorexigenic POMC/
CART neurons. Leptin inhibits Agrp and stimulates Pomc neurons [182]–[184], while Agrp
neurons are the most sensitive hypothalamic cell population to energy deficit [6], [77], [82].
LepR is also expressed in less defined neurons in the ventromedial hypothalamus (VMH),
dorsomedial hypothalamus (DMH), preoptic area (PO), pre-mammillary nucleus (PMv),
lateral hypothalamus (LH) and weakly in the paraventricular nucleus (PVN) [45], [100],
[185], that contribute to leptin’s effects on homeostatic functions [98], [99], [101]. Besides
neuronal cells, LepR expression has also been reported in astrocytes [186], [187], tanycytes
[188], endothelial cells [189], microglia and macrophages [190], oligodendrocytes [191]
and vascular leptomeningeal cells (VLMCs) [192].
Thus, the hypothalamic LepR population of cells is highly diverse, but a full description of
the diversity of their transcriptomes remains unresolved. Unravelling the transcriptome
of hypothalamic leptin receptor expressing cells helps to identify cell-specific targets to
treat obesity. In the mouse hypothalamus, single-cell RNA-seq has provided valuable
information about the molecular profile of hypothalamic cell types and new neuronal
and non-neuronal subtypes [77], [80], [82]. However, in hypothalamic scRNAseq datasets
it is difficult to identify LepR cells due to their scarcity and the low abundance of LepR
transcripts.
To overcome these hurdles, we took a biased approach to identify all LepR-expressing
cells in the hypothalamus. We used a LepR-Cre mouse crossed with a mouse expressing
the Cre-dependent fluorescent protein tdTomato to specifically isolate hypothalamic LepR
cells using FACS and sequence their transcriptome at single-cell resolution. We identify
new LepR subtypes, define their molecular signatures, active gene regulatory networks
and their enrichment in GWAS Body Mass Index signals. Furthermore, we show that fasting
induces major transcriptional changes in Agrp LepR neurons. Overall, our dataset provides
insight into the molecular makeup of hypothalamic LepR cells and a source for future
studies.

Results

To characterize LepR+ hypothalamic cells, we optimized isolation of intact single cells from
the hypothalamus of LepR-tdTomato mice (see Methods). The tdTomato-expressing cells
from fed or 24h-fasted animals were FACS-sorted based on tdTomato fluorescence (Fig.
1a, S1a) followed by single-cell RNA sequencing (scRNAseq, see Methods).
A total of 1,288 tdTomato+ cells were sorted in four plates/batches (Fig. S1b) and were
sequenced with Cel-Seq2 [178]. Of all tdTomato cells, 1,048 cells were from fed animals
(“fed cells”) and 240 cells from fasted animals (“fasted cells”) and were subsequently used
for analysis using Scanpy [193]. Cells containing less than 2,000 genes and with more than
50% of the reads belonging to ERCC spike-in RNA (indicative of poor caption of mRNA
from cells) or with more than 15% mitochondrial gene expression (indicative of RNA
degradation and poor cell viability) were excluded (Fig.S1c). These steps left 824 cells for
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analysis, 692 cells from the fed condition and 132 cells from the fasted condition (Fig. S1b),
with a high-quality dataset containing a median of 12,082 unique counts and 4,756 genes
per cell. To overcome the effect of sequencing depth between neurons and non-neuronal
cells in clustering, we used downsampling prior to the analysis (see Methods for details).
Unsupervised clustering using the graph-based Leiden algorithm identified a total of
25 clusters (Fig. 1b), which were further assigned to cell types based on expression of
established cell type markers (Fig. 1c). Hierarchical clustering indicated a clear separation
of neuronal and non-neuronal clusters (Fig. S2a). Eight neuronal clusters with 373 cells were
identified based on the expression of both Tubb3 (class III β-tubulin) and Mapt, whereas
451 cells belonged to 17 non-neuronal clusters, as defined based on the absence of both
markers (Fig. 1c). We also identified a cluster of pituitary cells using Tshb as a marker and
excluded it from further analysis. The high complexity of our scRNAseq dataset allows us
to detect rarely expressed genes in specific cell types, which are notoriously hard to detect
with single cell methods. As expected, Lepr mRNA was not identified in all cells, due to the
low abundance of LepR transcripts, but it was most prominently expressed in Agrp, Trh_Th
and Vascular leptomeningeal cells (VLMC) clusters (Fig. S2b).

Neuronal cells
Eight neuronal (Tubb3+Mapt+) clusters were identified and assigned to subtypes based on
known or novel marker genes (Fig. 1b, c and Fig. 2a, b). Based on established marker genes,
the classification revealed three Agrp neuron clusters with high Agrp and Npy expression,
one Pomc_KNDy neuron cluster with high expression of Pomc, Cartpt, Kiss1, Pdyn and Tac2
as well as one Ghrh neuron cluster with high Ghrh and Gal expression. The remaining three
clusters could not be assigned based on unique genes; therefore, they were designated based
on expression of Trh as well as genes that strongly marked the cluster: Trh_Pirt, Trh_Cnr1 and
Trh_Th (Fig. 1c, 2a, 2b).
Based on the expression of Slc32a1 (which codes for VGAT) and Slc17a6 (which codes
for VGLUT2) (Fig. 2b, 2c), Agrp, Ghrh and Trh_Th clusters were GABAergic, while the
Pomc_KNDy neuron cluster contained both GABAergic and glutamatergic cells in line with
the literature [194]–[196]. The Trh_Pirt and Trh_Cnr1 clusters were comprised of mostly
GABAergic cells with a few glutamatergic cells.
The dopamine marker Th was most prominently expressed in the Ghrh and Trh_Th clusters
(Fig. 2d – left). The dopaminergic marker Ddc was also expressed in the Ghrh cluster but
mostly marked the Trh_Pirt and Trh_Cnr1 clusters (Fig. 2d – right). Besides the Pomc_
KNDy cluster, high expression of Cartpt was also found in the Trh_Th and Trh_Pirt clusters
(Fig. 2b). In line with what is known about LepR neurons, neither Hcrt nor Pmch were
expressed in our dataset (not shown). Few cells expressing Crhr2 were found in clusters
Trh_Pirt, Trh_Cnr1 and Trh_Th, while most cells with Crhr1 expression were found in Agrp
clusters (Fig. 2e).
Moreover, the serotonin receptor gene Htr2c, a receptor widely distributed in hypothalamic
LepR cells and a drug target of the obesity drug Lorcaserin [97], [197], was significantly enriched
in the Trh_Cnr1 cluster, with high expression in the Trh_Pirt cluster, while it was also detected
in a limited number of Pomc_KNDy cells (Fig. 2b), in which serotonin 2c receptors have an
established role in energy homeostasis [198], [199]. Interestingly, Campbell et al. [77] observed
high expression of Lepr in a distinct POMC subset that was negative for Htr2c. Esr1 (Estrogen
receptor 1) has an important role in metabolic regulation [200] and was highly expressed in the
POMC_KNDy and Ghrh clusters (Fig. 2b). A full list of expression profiles of neuropeptides and
their receptors is provided in the supplementary figures (Fig. S3a, b).
Next, we looked into the molecular signatures of specific neuronal clusters. Agrp neurons
divided into 3 clusters, which all showed high expression of Ghr (growth hormone
receptor), Crhr1 (corticotropin-releasing factor receptor 1), Irs4 (Insulin receptor substrate
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Figure 1 scRNAseq on hypothalamic LepR cells reveals 25 clusters. A. Hypothalami of fed
and 24-hour fasted LepR-Cre x L-tdTomato mice were dissected, dissociated with papain and
FACS-sorted into 384-well plates, where the Cel-Seq2 protocol was performed. B. 25 clusters
of hypothalamic LepR cells annotated on a UMAP after clustering analysis. C. Violin plots of
pan marker genes used to define which main cell types the clusters represent. The maximum
normalized count of each pan marker gene is presented on the right. Endo: Endothelial,
Astro: Astrocytes, Tany: Tanycytes, VLMC: Vascular leptomeningeal cells, MM: Microglia and
Macrophages, Oligo: Oligodendrocytes, OPCs: Oligodendrocyte progenitor cells.
4), Ghsr (ghrelin receptor), Egr1 (early growth response protein 1) and Sst (somatostatin)
with higher enrichment in Agrp cluster 3 (Fig. 2b). As expected, the Npy2r (neuropeptide
Y receptor 2), a presynaptic autoreceptor, was expressed in almost all Agrp neurons
[201], along with cells in the Pomc_KNDy, Trh_Pirt and Trh_Cnr1 clusters, whereas Npy1r
(neuropeptide Y receptor 1) was mostly expressed in Pomc_KNDy neurons, along with
other cell types (Fig. 2f).
The Pomc_KNDy cluster displayed high expression of Prlr (Prolactin receptor), Pgr
(Progesterone receptor) and Gfra1 (GDNF family receptor alpha-1) (Fig. 2b). The Ghrh
neuron cluster showed enrichment of Gal (Galanin) and Reln (Reelin), both of which
were also expressed in lower levels in different subsets of cells in cluster Trh_Cnr1 (Fig.
2b). Most of the LepR GHRH neurons are located in the Arc and half of them engage in
leptin-mediated pSTAT3 [97]. Somatostatin inhibits whereas leptin stimulates pulsatile
GHRH-mediated growth hormone release from the pituitary [202]–[205]. While Arc GHRH
neurons express both Somatostatin receptors (Sstr1 and Sstr2) [206], in our LepR Ghrh
cluster we found expression of solely Sstr2 (Fig. S3b). Even though knock-out of LepR in
GHRH neurons does not affect body weight [97], this LepR population poses exceptional
interest for further studies.
Three clusters showed expression of Trh (Fig. 3a). Trh_Th neurons were GABAergic
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Figure 2 Overview of the eight neuronal LepR clusters in the hypothalamus. A. 8 neuronal
clusters of LepR cells annotated on a UMAP plot. B. Violin plots of expression of genes used
to characterize the neuronal clusters, including GABAergic marker Slc32a1, glutamatergic
marker Slc17a6, various neuropeptides and receptors. The maximum normalized count of
each gene is presented on the right. C-F. UMAP plots showing expression level of genes in
neuronal clusters. The expression level is color-coded.
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neurons that also showed high expression of Cartpt (Fig. 2b, 2d), while almost half of them
expressed Th (Fig. 2d). In this cluster, there was high expression of transcription factors
Lhx1, Lhx1os (Fig. 3a), being co-expressed in 3 cells (Fig. 3b), as well as Kit (Fig. 3a).
Receptors Ptger3 and Adra1b, expressed in the preoptic nucleus (PON) and involved in
BAT thermogenesis [207]–[209] were also highly expressed (Fig. 3a, 3b). Many cells in this
cluster also expressed Cxcl12 (Fig. 3a), a chemokine mainly expressed in the PVH, LH and
lower in Arc, with its mRNA levels increasing upon high-fat diet in these nuclei [210].
High Th expression was observed in both the Ghrh and Trh_Th clusters, with high
expression of Ghrh and Gal in the former and low or absent expression of these markers in
the latter. We therefore investigated the expression patterns of Th, Ghrh and Gal in LepR
neurons in the hypothalamus, by performing IHC and FISH on hypothalamic tissue from
LepR-Cre x L-tdTomato mice. Ghrh mRNA was found to be co-expressed with tdTomato
mostly in the Arc and to a lesser extent in the VMH (Fig. 3d), confirming the Arc as a major
co-localization site [97], while Gal mRNA co-localized with tdTomato in the Arc (Fig. 3e top), DMH and LH (Fig. 3e - bottom). Th signal was found in tdTomato-positive cells in the
Arc, DMH and LH (Fig. 3f). This supports that Ghrh+Gal+Th+LepR+ neurons are located in the
Arc, while Trh_Th LepR neurons are a distinct population of neurons potentially located in
the Arc, DMH, PVH, PON and LH. Of note, Campbell et al. [77], who performed scRNAseq
on the Arc and ME, identified a leptin-sensing GABAergic cluster (n11.Trh/Cxcl12) with
high expression of Trh, Kit, Ptger3 and Cxcl12, all genes that were also found in the Trh_Th
cluster.
The Trh_Cnr1 cluster was best defined by high expression of Cnr1 (cannabinoid receptor
1) (Fig. 3a, c), which is strongly linked to feeding behavior [211], and also displayed high
expession of Prlr (Prolactin receptor). This cluster also contained small subsets of neurons
expressing a diversity of neuropeptides. Few cells in this cluster expressed Bdnf, which
regulates feeding and energy balance [212]–[214]. Cnr1 and Bdnf are most strongly
expressed in the VMH and weaklier in other hypothalamic nuclei (but not Arc), based on
Allen Brain Atlas ISH data and literature [214]–[216].
A subset of glutamatergic neurons in the Trh_Cnr1 cluster showed expression of Tac1
(Tachykinin 1) (Fig. 3a), which has been identified as a LepR neuron subtype marker in
the PMv and LH by TRAP-seq and is linked to feeding behaviour and metabolism [10],
[217]. We also found expression and co-localization between markers Gal, Nts and Crh,
established as LepR markers in the LH [10], [70], with one GABAergic cell co-expressing
all three (Fig. 3c). In our histochemical analysis above, we also found co-expression of Gal
mRNA with tdTomato in the DMH, besides the LH. This suggests that neurons in this cluster
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Figure 3 Overview of the 3 novel Trh clusters. A. Left: Dot-plot of genes expressed in the
three Trh clusters. Color-coding represents expression levels, dot size represents the percentage of cells expressing this gene. Right: Trh neurons were reanalyzed. The three clusters
are shown on a UMAP plot. B-C. UMAP plots showing expression level of selected genes in
Trh clusters. The expression level is color-coded. D. Pictures of fixed hypothalamic sections
from LepR-Cre x L-tdTomato mice stained with an antibody against tdTomato (green) and
fluorescent in situ hybridization (FISH) with anti-sense probe against Ghrh (red). E. Pictures
of fixed hypothalamic sections from LepR-Cre x L-tdTomato mice stained with an antibody
against tdTomato (green) and fluorescent in situ hybridization (FISH) with anti-sense probe
against Gal (red). F. Pictures of fixed hypothalamic sections from LepR-Cre x L-tdTomato
mice stained with an antibody against TH (green). tdTomato fluorescence appears in red,
there was no staining performed against tdTomato. White arrows indicate cells in which
co-localization is observed. Scale bars: 100 um. Arc: Arcuate nucleus, VMH: Ventromedial
hypothalamus, DMH: Dorsomedial hypothalamus, LH: Lateral hypothalamus.
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are not centralized in a single hypothalamic nucleus, but are most likely dispersed in the
VMH, DMH and LH hypothalamic nuclei.
Neurons in the Trh_Pirt cluster were GABAergic and showed relatively high expression
of Cartpt (Fig. 2b, d) in almost all of the cells of the cluster, while few cells express Crhr2
(Fig. 2e). Few cells expressing Pirt (Phosphoinositide-interacting protein), with a role in
obesity [218], were exclusively found in this cluster (Fig.3a). We also found sparse cells
expressing Prlh (Prolactin Releasing Hormone), Pthlh (parathyroid hormone like hormone),
Retn (Resistin) and Nmu (Neuromedin U) (not shown).

Non-neuronal cells
Seventeen (17) non-neuronal clusters, based on the absence of expression of both
Tubb3 and Mapt, were assigned to subtypes based on the expression of established
canonical markers. Our dataset is composed of four tanycyte [Tany 1-4] (Rax+), four
endothelial [Endo 1-4] (Pecam1+), one astrocyte [Astro] (Agt+), one oligodendrocyte
[Oligo] (Olig2+, low Plp1), one oligodendrocyte progenitor cell [OPC] (Olig2+, high
Plp1), one microglia and macrophages [MM] (Cd53+), three vascular leptomeningeal
cell [VLMC 1-3] (Col1a2+) clusters and one unknown cluster strongly marked by Nrn1
(Fig. 1b, 1c).
Tanycyte clusters were almost entirely marked by Rax, Vim, Ppp1r1b, while almost half of
the cells expressed Nes and only 1 cell Gfap, which is mostly found in α tanycyte subtypes
[219], [220]. Whereas traditionally tanycytes have been classified in 4 categories (α1,
α1, β1 and β2), research on their morphology and molecular signature indicates that
tanycytes display great heterogeneity and they exist along a gradient [221]. In line with
this, we did not observe a clear-cut expression of subtype-specific markers in each
cluster (Fig. 4a). Tany 1 & 2 mostly contained α2 and β1 tanycytes, since they were
mostly marked by Crym and Frzb. Tany 3 was mostly marked by the markers of β1
and β2 tanycytes Col25a1, Adm and Cacna2d2, whereas Tany 4 was marked mostly by
α2-marker Vcan as well as β2-marker Cacna2d2. Cd59a and Slc17a8, which mark α1
tanycytes were expressed by very few cells. Moreover, Tany 3 displayed high expression
of the markers Tll1 and Lrp2, which codes for Megalin and facilitates leptin transport
via the BBB with transcytosis [222], [223] and Cntfr, confirming that in the ME there are
tanycytes responsive to CTNF [224].
We identified 4 clusters of endothelial cells (Endo 1 - 4), expressing markers Pecam1, Ly6c1,
Ly6a and Slco1c1 [77], [225], which form a gradient of expression, similarly to tanycytes.
Endo 1 is composed mostly of venous endothelial cells due to the enriched expression of
Slc38a5 and Vwf, whereas in Endo 2 Slc16a1 is highly expressed, which marks capillary
cells, and Endo 3 consists of mostly arterial cells highly enriched in Vegfc, Sema3g and
Gkn3. Endo 4 seemed to be composed of non-endothelial cells on top of endothelial cells,
due to the presence of marker genes of mural cells: Pdgfrb and Vtn for pericytes and Acta2,
Myh11 for smooth muscle cells [77], [82], [225] (Fig. 4b).
VLMC 1 shows high expression of Spp1 (secreted phosphoprotein 1/Osteopontin),
which mediates obesity-associated hepatic alterations [226] and VLMC 1 & 2 show high
expression of Igf2 (Insulin Like Growth Factor 2), whereas VLMC 3 is marked strongly by
Gnrh1 (Gonadotropin Releasing Hormone 1) and Penk (Proenkephalin) (Fig. 4c).
Regarding the rest of non-neuronal clusters (Fig. 4d), we identified oligodendrocytes,
mostly marked by Mobp (Myelin Associated Oligodendrocyte Basic Protein), Ermn
(Ermin) and Mbp (Myelin basic protein), while OPCs highly expressed Fyn and Bmp4
(Bone Morphogenetic Protein 4) [82], [227]. Astrocytes were strongly marked by Agt
(Angiotensinogen). Gfap was expressed in a small subset of astrocytes, while the rest
of the cells in this cluster showed high expression of Itih3 (Fig. 4e), which has 200 foldhigher expression in mouse astrocytes compared to human [228]. In the Microglia and
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Figure 4 Overview of the non-neuronal clusters of LepR cells in the hypothalamus. A.
Violin plots showing the expression levels of selected genes in the four tanycyte clusters. B.
Dot-plot of expression of selected genes in the endothelial clusters. Color-coding represents
expression levels and dot size represents the percentage of cells expressing this marker. C.
Violin plots showing the expression levels of genes in the three VLMC clusters. VLMC: Vascular
leptomeningeal cells. D. Violin plots showing the expression levels of genes in Glial cell
clusters. Astro: Astrocytes, MM: Microglia and Macrophages, Oligo: Oligodendrocytes, OPCs:
Oligodendrocyte progenitor cells. E. UMAP plots showing expression of astrocytic markers in
astrocytes. The expression level is color-coded. In A, C and D, the maximum normalized count
of each gene is presented on the right.

Figure 5 Gene regulatory network (GRN) analysis of LepR cells in the hypothalamus by
pySCENIC. A. tSNE plot showing cell categories following clustering based on GRN analysis.
B. Dendrogram representing hierarchical clustering based on regulons identified as active
by pySCENIC analysis. The main regulons that are driving discrimination of branches (cell
types) are annotated. Endo: Endothelial, Astro: Astrocytes, Tany: Tanycytes, VLMC: Vascular
leptomeningeal cells, MM: Microglia and Macrophages, Oligo: Oligodendrocytes, OPCs:
Oligodendrocyte progenitor cells.
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Macrophages cluster we found expression of Cx3cr1 and Mrc1. The expression of LepR
in many glial populations pinpoints leptin’s important role in many different functions.
Studies have shown leptin’s involvement in cytokine production and activation of microglia
and macrophages in the context of neuropathic pain [229], [230], while leptin regulates
differentiation and/or myelination of oligodendrocytes [227].

Gene regulatory network of LepR cells
The scRNAseq atlas of LepR cells in the hypothalamus allows us to investigate the
molecular mechanisms of their action. Gene regulatory networks (GRNs) are driven by
transcription factors that regulate the expression of sets of target genes (gene modules) in
a context-dependent manner. We used the pySCENIC algorithm to determine activity of
‘regulons’, groups of genes that are co-expressed with a transcription factor that drives their
expression, in single cells [231], [232]. We detected 38 regulons that display a spectrum
of activity over LepR cells, which we visualized using t-SNE (Fig. S4a). Regulon activity
recapitulated the distribution of cells types, suggesting that the major determinants of cell
types are captured by the GRNs (Fig. 5a).
Next, we performed hierarchical clustering to group cell types using their regulon activity
(Fig. 5b). Neurons, astroglia and non-neural cells formed clearly distinct branches in the
hierarchy, and subgroups of cell types clustered together (Fig. 5b). Next, we interrogated
the regulation networks that were differentially active between different branches of the
LepR cell hierarchy using the Mann-U-Whitney test (Fig. 5b, see Methods). Npdc1 and
Smarcc2 regulons discriminated the neuronal cells from astroglia, which was enriched in
Ets1 and Erg regulons. Among the neuronal cell types, higher activity of Fli1 and Bclaf1
further defined Agrp neurons. These analyses provide a rich source of regulon activity (Fig.
S4b).

Regulation of LepR-Agrp neurons by fasting
Next, we investigated the transcriptional response of LepR/tdTomato hypothalamic cells to
energy deficit (24-hour fasting). Among the clusters, we saw that Agrp neurons responded
the most to fasting, with the highest number of genes being differentially expressed (not
shown). We cumulated the Agrp clusters to delineate the effect of fasting on LepR cells.
Within the Agrp neuron population fasting induced upregulation of Lepr, Agrp and Npy
(Fig. 6a). Using Wilcoxon rank sum test, we identified 93 genes upregulated and 13 genes
downregulated by fasting with log2FC>1.5 and <-1.5 respectively (sup. Table 2). Confirming
previously identified genes in Agrp neurons[6], fasting also induced upregulation of Ghsr,
Mt1, Acvr1c and Vgf (Fig. 6a), all of which are involved in obesity and energy balance
[233]–[236] and downregulation of circadian clock genes Nr1d2, Per3 and Bhlhe40 (Fig.
6b).
Among the upregulated genes (Fig. 6a) we find the transporters Slc4a4 and Slc8a1, the
receptors Ghr with a role in hepatic glucose production [237], Sorcs1 and Trpm3 with a
role in diabetes, energy balance and temperature sensing [238]–[240] as well as the cation
channel Trpv2 which regulates BAT thermogenesis [241]. Other upregulated genes that
have a relation to obesity and energy balance are Sema3a, Arrb1, Asb4 and Fkbp5 [242]–
[246].
Next, we asked whether we can identify the GRNs involved in response to fasting in Agrp
neurons. We reanalyzed the cells from Agrp clusters, which had a median of ~32000
reads and ~9000 genes per cell, and identified 10 regulons using pySCENIC (Fig. S5a, see
Methods). Comparison of fed and fasted Agrp neurons revealed that Rfx3 (p=0.000012)
and Npdc1 (p=0.00016) were the most significantly up- and down- regulated regulons
upon fasting, respectively (Fig. 6c). While Rfx3 (p=0.0038) mRNA expression was higher
in fasted cells, Npdc1 (p=0.756) mRNA expression was not significantly different between
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Figure 6 Effect of 24-hour food deprivation on LepR Agrp neurons. A-B. Dot-plots of a selection of genes identified to be upregulated and downregulated by fasting in LepR Agrp neurons.
Color-coding represents expression levels, dot size represents the percentage of cells expressing this marker. In A, selected genes are shown. Besides Lepr, Agrp and Npy displayed on the
left, the rest of the selected genes are ordered from left to right by lowest to highest p value. In
B, the top 20 downregulated genes are ordered from left to right by lowest to highest p value.
C Scatter plot showing how regulon activity is affected by fasting in LepR Agrp neurons, ranked
by regulon score. p-adjusted: **<0.001, *<0.05, following Mann-Whitney-Wilcoxon test.

Figure 7 Scatterplot of the CELLECT results for GWAS BMI. Dashed vertical line marks
the Bonferroni threshold for significant p-values. The y-axis shows both clustering names
and overall cell-type, and the x-axis shows the p-values. Only cell-types that are significant
are shown in color Bonferroni P-value threshold (P<0.05/25). S-LDSC, stratified-linkage
disequilibrium score regression. Endo: Endothelial, Astro: Astrocytes, Tany: Tanycytes, VLMC:
Vascular leptomeningeal cells, MM: Microglia and Macrophages, Oligo: Oligodendrocytes,
OPCs: Oligodendrocyte progenitor cells.
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groups, suggesting that the activity of the latter is controlled post-transcriptionally (Fig.
S5b).
Regarding the target genes of Rfx3 and Npdc1 (sup. Table 2), we explored their association
with energy balance. A target of both Rfx3 and Npdc1, Mapk10 (also known as JNK3), with
a role in in energy balance and insulin resistance [247]–[250], protects against excessive
adipocity [251]. Its selective deficiency from LepR Agrp neurons causes hyperhagia [252].
A downstream target of Rfx3 is the BDNF receptor Ntrk2 (also known as TrkB) which
maintains negative energy balance mainly by suppressing feeding [253]–[257]. Significant
hits also were the Npdc1 targets Clstn3 and Faim2. Clstn3 is a key gene that mediates the
neuro-adipose junction formation or remodeling in white adipose tissue browning and the
BAT activation process [258]–[260], while Faim2 is a GWAS gene associated with obesity
and its expression is increased in the Arc upon high-fat diet [261]–[263]. These results
further demonstrate the use of our dataset for delineation of the molecular mechanisms
governing LepR neuronal activity.

LepR cell enrichment for BMI GWAS genes
We next asked whether genes specifically expressed within the LepR cell types enriched for
genes implicated by genome-wide association study data for obesity (GWAS). Towards that
end we first used CELLEX to identify specifically expressed genes for each cell type and
then applied CELLECT [264] to compute the enrichment of GWAS signal for each set of cell
type-specific genes. As genetic association data for obesity we relied on UK Biobank-based
GWAS summary statistics for body-mass index (BMI), a commonly used proxy phenotype
for obesity [265]. CELLECT identified three significantly enriched cell types, namely Trh_
Cnr1, Trh_Pirt and Pomc_KNDy neurons (Bonferroni P-value threshold, P<0.05/25; Fig. 7).
Furthermore, we analyzed a panel of 31 additional GWAS studies, broadly representing
cardiometabolic traits, eating and psychiatric disorders and did not find enrichment for any
other phenotypes than psychiatric disorders (Fig. S6). Among these 31 traits and disorders,
only psychiatric GWASes enriched for cell types, thus replicating our overall previous
findings reported in Timshel et al. [264]. Together, these analyses confirm the importance
of POMC neurons in obesity and reveal the novel LepR clusters Trh_Cnr1 and Trh_Pirt as
potential key important players.

Discussion

We here identified the transcriptome of hypothalamic LepR cells using scRNAseq. Most
available scRNAseq datasets focus on one of the hypothalamic subregions and undertake
an unbiased approach to identify all cell populations. Instead, we dissociated the whole
hypothalamus of LepR-Cre x L-tdTomato mice and focused solely on the leptin receptorexpressing cells. High sequencing depth combined with FACS sorting of tdTomato-positive
cells facilitated the identification of twenty-five distinct cell clusters, including eight
neuronal and seventeen non-neuronal.
Overall, our dataset highlights the importance of the arcuate nucleus as the primary action
site of leptin, with most of the neuronal LepR-expressing cells in this dataset belonging
to at least six distinct neuronal populations localized in the Arc as well as tanycyte
subtypes which are in close contact to the Arc and ME. Out of the eight neuronal clusters
identified, five (Agrp 1-3, Ghrh and Pomc/KNDy) have already been identified as LepR
subpopulations, while three (Trh_Th, Trh_Pirt and Trh_Cnr1) are novel. Even though LepR
has been identified in Ghrh neurons before [97], here we show that all neurons in this
cluster also express Th and Gal, revealing a distinct LepR-Arc population with a unique
neurochemical profile.
The three newly-identified neuronal clusters displayed Trh expression (Trh_Th, Trh_Cnr1,
Trh_Pirt) and they appeared to be quite heterogeneous. The enriched genes in these
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clusters localize in many hypothalamic nuclei based on Allen Brain Atlas ISH data and
literature. The Trh_Th cluster, with high expression of Trh, Th and Cartpt is highly similar
to the Arc leptin-sensing GABAergic Trh/Cxcl12 cluster identified by Campbell et al.
Therefore, Trh_Th represents another distinct LepR population in the Arc, even though we
cannot exclude the fact that Trh_Th neurons could also be localized in other hypothalamic
regions (DMH, PVH, PON, LH), due the expression of receptors Ptger3, Adra1b and the
chemokine Cxcl12.
In the Trh_Cnr1 we identified cells expressing Bdnf, as well as LepR markers of the LH
Nts, Gal, Tac1 and Crh. Remarkably, BDNF neurons in the DMH and VMH do not engage
into pSTAT3 signaling upon leptin administration, even though Bdnf mRNA is increased
[266], [267]. While it is known that Gal and Nts are co-expressed in LepR neurons in the
LH [70], we also found evidence that Crh also co-localizes with this neuronal cell type. The
expression profiles of this cluster’s enriched genes support that the majority of the neurons
are located in the VMH, DMH and LH, skipping the Arc.
The Trh_Pirt cluster displayed high expression of Cartpt, Crhr2 and Pirt, with the two latter
genes being expressed mostly in Arc and VMH. CRFR2 in the VMH has been shown to be
critical in feeding and regulation of lipid metabolism in mice [268]. Pirt-KO female mice
display an increased susceptibility to develop obesity and glucose intolerance [218]. While
on average the cells we analyzed were deeply sequenced, it is likely that sequencing of a
higher number of cells may lead to identification of sub-clusters of the cell types we have
identified.
Regarding non-neuronal clusters, we identified LepR populations that are important for
leptin transport across the BBB (tanycytes, endothelial cells & VLMCs) as well as other
glial populations. Tanycyte clusters contained mostly α2- and β1-and β2- tanycytes.
The presence of leptin receptor in other non-neuronal cell types, highlights that LepR is
not only crucial for leptin transport, but also exerts other functions. Leptin signaling in
hypothalamic astrocytes is important for synaptic plasticity and neuroendocrine control of
feeding by leptin [187]. Moreover, leptin receptor expression on other glial cells (microglia,
macrophages, oligodendrocytes and OPCs) suggests that leptin has a neuroprotective role
and it is involved in remyelination, as suggested in literature [190].
With SCENIC analysis we detected 38 active gene regulatory networks which recapitulated
the distribution of cell types among clusters and identified regulons that discriminated
cell types from each other, such as Fli1 and Bclaf1 which determined Agrp neurons.
Agrp neurons was the population that responded the most to fasting, by increasing the
expression hormone receptors involved in energy balance and temperature sensing (Ghr,
Ghsr, Sorcs1, Trpm3) and decreasing the expression of circadian clock genes (Nr1d2, Per3,
Bhlhe40), suggesting that fasting makes these neurons more sensitive to changes in feeding
status. SCENIC analysis identified Rfx3 and Npdc1 as the regulons that were mostly up- and
downregulated by fasting respectively. Their downstream targets Mapk10, Ntrk2, Clstn3
and Faim2 have high association with energy balance and metabolic diseases. Finally, our
BMI GWAS enrichment analysis results study confirm the importance of POMC neurons
in regulation of energy balance and furthermore they suggest a role for the novel clusters
Trh_Cnr1 and Trh_Pirt in regulating body weight.
Thus, the scRNAseq data we provide reveal the heterogeneity of LepR cells in the
hypothalamus, including multiple known as well as novel neuronal, astroglial and nonneural cell types. We show that among these LepR cell types, Agrp neurons are the main
responders to fasting. We further demonstrate that our dataset can be used to identify the
major gene regulatory networks in homeostasis as well as in response to fasting. Overall,
we provide a rich source for future studies that dive into the specific roles LepR cell types
as well as the molecular circuitry controlling their function.
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Materials & Methods
Animals

Adult 2-3 month-old ObRb-IRES-Cre mice (B6.129(Cg)-Leprtm2(cre)Rck/J) reported as
LepR-Crecrossed with Rosa-CAG-LSL-tdTomato-WPRE::DNeo (008320 007914, Jackson
laboratories, Bar Harbor, ME, US) reported as L-tdTomatoon a C57Bl/6J background were
used. Mice were housed socially and kept under a 12:12 hr light-dark cycle with lights
off at 19:00. Mice were kept at room temperature (21 ± 2ºC) and 40-60% of humidity
conditions. They were fed with standard chow (Special Diet Service, Essex, UK) and tap
water ad libitum. For the 24 hours of fasting protocol, chow was completely removed 24
hours before being killed. Ad libitum mice were male and female and the mice from the
fasting protocol were all female. All experiments were approved by the Ani-mal Ethics
Committee of Utrecht University and conducted in agreement with Dutch laws (Wet op
de Dierproeven, 1996; revised 2014) and European regulations (Guideline 86/609/EEC;
Di-rective 2010/63/EU).

Hypothalamus dissection and single-cell dissociation
In pilot experiments, we optimized dissociation efficiency to obtain viable cells using
various conditions including papain, trypsin and accutase A enzymes as well as the use
of trehalose, artificial cerebrospinal fluid and several commercially available media. We
found that papain was the most optimal enzyme to dissociate hypothalamic tissue with
viable tdTomato+ cells, and generated an optimized protocol. Mice were killed between
09:00 and 12:00 by manual decapitation after isoflurane anesthesia. Brains were rapidly
removed and saved in cold HABG (50 mL Hibernate A without calcium (Brainbits, Cologne,
Germany) supplemented with 1 mL B27 and 125 µL L-Glutamine). Hypothalami were
microdissected and cut into 1-2 mm thick pieces. Tissue from 2-3 hypothalami was pooled
into 1-1.5 mL of HABG containing papain (20 u/mL, Worthington Biochemical, Lakewood,
NJ, US). Tissue was broken into smaller pieces by pipetting 2-3 times with a P1000 pipet
followed by a fire-polished glass pipette with a wide opening. Tubes were incubated for
15’ at 37 degrees, whilst being agitated at 160 rpm. DNAse I (1,000 Kunitz units/mL
Worthington Biochemical, Lakewood, NJ, US) was added and tubes were incubated for
15’ at 37 degrees, whilst being agitated at 160 rpm. The samples were chilled on ice the
following were added: DNAse I (2,000 Kunitz units/mL), BSA (1.25 µg/mL), FBS (5%) and
EDTA (0.5 mM). Next, samples were triturated for 2-3 times with a fire-polished glass
pipette with medium opening followed by 2-3 times with a fire-polished glass pipette
with a small opening. The triturated sample was passed through a 100um cell strainer. The
strained suspension was washed once with 10 mL aCSF(92 mMNaCl, 2.5 mMKCl, 1.2 mM
NaH2 PO4, 30 mM NaHCO3 , 20 mM HEPES, 25 mM Glucose, 3 mM Sodium Ascorbate, 2
mMThiourea, 3 mM Sodium Pyrurate) supplemented with 10% FBS. Cell suspension was
centrifuged at 100 g for 10 minutes at 4 °C. Cell pellet was resuspended in 200-250 µL
of collection solution (aCSF containing 150 u/mL DNAse I, 10 µM Rock inhibitor and 10%
FBS) and filtered through a 70 µm strainer before sorting.

Cell sorting
Cells were sorted into 384 well-plates using FACS (BD Biosciences Aria II), after gating
for forward and side scatter, selecting singlets and finally the tdTomato+ cells with high
fluorescence. Approximately 0.8-0.9% of the total single cell population were defined as
tdTomato+ cells (Fig. S1). DAPI was not used for the selection of live (DAPI-) cells since
pilot experiments showed that tdTomato+ cells were almost exclusively live, which was
confirmed after RNA-seq analysis by assessing the number of reads and other quality
measures (see below). When the plates were not completely filled with tdTomato+ cells,
cells from mouse hypothalamic of wild-type (L-tdTomato or C57Bl/6J) mice were used
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to fill the plates in order to increase the quantity of captured mRNA which helped with
production of high-quality libraries. Plates were span at 2000 rpm for 2 min and frozen at
-80. In total we processed 7 plates, 4 of which yielded high quality datasets which were
used for downstream analysis.

Library generation, sequencing and alignment
Single-cell RNA sequencing was performed with Cel-seq2 at the Single Cell Discoveries
(Utrecht, NL), as described by Hashimshony et al., 2016 and Muraro et al., 2016 [178],
[269]. Plates contained preloaded barcoded poly-T primers that specifically amplify the
mRNA and introduce a 6bp unique molecular identifier (UMI), an 8bp cell barcode and a T7
RNA polymerase binding site. In addition, plates were pre-loaded with ERCC spike-ins that
allowed quality control of reactions in individual wells. Cells were lysed by heating at 65C
for 5 min followed by rapid chilling on ice for 2 min (twice). mRNA was reversed transcribed
using Superscript II (ThermoFisher Scientific) and converted into second stranded DNA by
DNA polymerase I (ThermoFisher Scientific). Material from each plate was then pooled,
cleaned up using Ampure beads (Beckman Coulter, #A63881) and amplified by in vitro
transcription overnight using the MEGAscript T7 transcription kit (ThermoFisher Scientific,
# AMB1334). Following a second round of clean up, amplified RNA was measured using
the Agilent RNA 6000 pico chips (Agilent # 5067-1513), reverse-transcribed using random
hexamer primers that introduce Truseq Small RNA kit RP1 primer binding sites (Illumina)
and finally converted into DNA libraries using custom rpi primers (RNA PCR Primer Index)
adapted from the Truseq Small RNA kit (Illumina) [269]. Following two rounds of Ampure
bead clean up and quality control using the Agilent High Sensitivity DNA Kit (5067-4626),
libraries were sent for sequencing at the Utrecht Sequencing Facility (USEQ, Life Sciences
faculty, Utrecht University) for paired end sequencing (26bp for read 1 and 50bp for read
2) by Nextseq500. 5 plates were combined for a full sequencing run, which yielded ~300M
assigned to the libraries.
Alignment of the Celseq2 reads was performed using the mapandgo. Following merging of
the reads generated in multiple lanes and removal of the reads that lack Celseq2 barcodes,
the data was trimmed using Trimgalore (version 0.4.3[270]) that employs cutadapt[271]
to remove the Illumina library adapters and fastQC[272] reads with low quality basecalls at the end of the reads. Alignment of the reads to the mm10 reference genome was
done STAR (version 2.5.3a[273]), and single-cell libraries were de-multiplexed using the
barcoded present in preloaded primer sequences. Following UMI correction, reads were
adjusted for the possibility of false assignment of reads from different mRNAs as duplicates
due to the low chance of having the same UMI on different mRNA molecules. This was the
final count file used for the analysis.

Computational analysis with Scanpy
We used the Scanpy [193] pipeline to perform the analysis of our single cell data. We
removed cells 2000 genes and with more than 50% of the reads belonging to ERCC spike-in
RNA (indicative of poor caption of mRNA from cells) or with more than 15% mitochondrial
gene expression (indicative of RNA degradation and poor cell viability) which left 824 cells
(out of 1288) for analysis, 692 (out of 1048) cells from the fed condition and 132 cells (out
of 240) from the fasted condition. Genes expressed in only one single cell, the Malat1 gene
(due to mapping issues), the ERCC spike-ins and the mitochondrial RNAs were removed
from the dataset. This resulted in a high-quality dataset containing a median of 12082
unique counts and 4756 genes per cell.
Selection of normalization method
Following log(1+p) transformation and log normalization of the data, we observed
that a fourth separate Agrp+ cluster was composed exclusively of cells from the fasted
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condition with higher levels of total read counts. The fraction of ERCC spike-in reads
were similar (~9%) between clusters, suggesting that the difference between fed and
fasted conditions is not due to a higher amount of total RNA in fasted cells, but due
to deeper sequencing (see respective Github page). To test this, we downsampled the
reads from each cell to 3000 reads prior to the analysis, which removed the technical
differences due to sequencing depth and resulted in fed and fasted cells clustering
consistently among the three Agrp clusters. From here on, we used the downsampled
dataset and considered the differences as biological. For the analysis of differences
between fed and fasted condition in Agrp neurons, we reanalyzed the raw data by
downsampling to the median (~39,000 reads per cell). We regressed out the effect of
number of genes and the mitochondrial gene expression from both datasets. The data
was log-transformed and scaled prior to PCA analysis, which was used for dimensionality
reduction using t-distributed stochastic neighbor embedding (t-SNE). Visualization of cell
clusters and gene expression was performed using UMAP dimensionality reduction plots,
the coordinates of which was used to calculate cell clusters using the Leiden algorithm
[274]. Differential gene expression between clusters was performed using the integrated
rank_gene_groups() function and the Wilcoxon rank-sum test. Using these marker genes,
we annotated cell types. To compare the annotated cell types to the literature, we used
the online platform Scibet [275]. The details of clustering, calculation of differential gene
expression as well as the genes used for the figures in this paper can be found on the
respective GitHub page (https://github.com/neurOnur/scLepr).

Marker gene identification
Spatial expression of the identified genes was investigated from publicly available ISH from
the Allen Brain Atlas. Furthermore, for the identified genes PubMed search was applied for
literature related to food intake, energy, leptin (receptors) and the hypothalamus. Lowly
expressed genes are notoriously hard to detect in scRNAseq, which result in dopouts (zero
values in many cells). When expression of rare genes within a cluster is normally distributed,
we can consider that the gene is expressed by all cells within the cluster, which our methods
stochastically (or randomly) detect.

Identification of gene regulatory networks
We used the pySCENIC [231], [232] pipeline to identify gene regulatory networks. In brief,
the raw data from all tdTomato+ cells or Agrp neurons were used to calculate regulons that
contain transcription factors and their targets that are expressed in the same cell using the
arboreto package [276]. These regulons were then pruned for targets that lack a binding
motif for the respective transcription factor within the 5kb of the transcription start site.
The activity of these regulons for each cell were integrated in an Anndata object containing
the single cell expression data generated by the scanpy pipeline, as described above. When
clustered based on regulon activity, cell types clustered similarly to the analysis based on
whole transcriptome. To find out which regulons were driving the branching of cell types
upon hierarchical clustering, we used the Wilcoxon rank-sum test. The differences between
fed and fasted conditions in Agrp neurons were calculated similarly. A detailed description
of the analysis and the code used is available on the respective Github page (https://github.
com/neurOnur/scLepr).

CELLECT analysis
We used CELLECT v.1.1 [277] to identify likely etiologic cell-types underlying obesity.
CELLECT takes as input GWAS data and cell-type expression specificity (ES) estimates.
The output is a list of prioritized etiologic cell-types for a given complex trait. To generate
the ES estimates we used CELLEX v.1.1 [278]. CELLEX computes robust estimates of
ES relying on multiple expression specificity measures (for details see [264]). CELLEX
was run using the raw gene expression matrix and the metadata containing clustering
Page 66 | 188

Chapter 2
information. The resulting cell-type specificity matrix along with the UKBB BMI GWAS
[265] was used as input for CELLECT which was run with default parameters. For the
associations of our dataset to additional GWAS studies, the following resources were
used: [279]–[287] & Alkes group at the Broad institute and https://www.med.unc.edu/
pgc/download-results/ed/. Significant cell-types were identified using a Bonferroni
p-value threshold of p<0.05.

Cloning and DIG probe labeling
PCR with forward and reverse primers was performed on mouse hypothalamic cDNA
(isolated with miRNeasy Mini Kit, Qiagen, Hilden, Germany), with forward primer 5’ATCCAGCCCGCCACTCTTCA-3’ and reverse primer 5’-ACAGCTTCAAAGCAGAGAACAGA-3’ for
the Gal probe, and forward primer 5’- CCTTCAGGATGCAGCGACAC-3’ and reverse primer 5’CGGAAAAGGTCAGAGCTGAAG-3’ for the Ghrh probe. PCR products were ligated into pGEMT.
easy (Promega, Madison, WI, US) and sequenced with Sanger sequencing. PCR with SP6 and
T7 primers was performed. cDNA probes were incubated for 2 hours at 37 degrees with Dig
RNA labeling mix (11277073910, Roche, Basel, Switzerland) and SP6 or T7 RNA polymerase
(RPOLSP6-RO and RPOLT7-RO, Roche).

Brain collection and sectioning for histology
LepR-Cre x L-tdTomato mice were perfused with PBS 1x followed by 4% paraformaldehyde
(PFA) in PBS 1x. Brains were sliced coronally at 20µm thickness in a cryostat (Leica Biosystems,
Wetzlar, Germany) with chamber temperature of 21 ± 3°C and object temperature of 19±3°C
and sections were mounted directly on Superfrost glass (631-0108, VWR, Leuven, The
Netherlands) in series of 10 per each brain and stored at -80°C.

Fluorescent in situ hybridization and immunofluorescence for tdTomato
Slides were thawed at room temperature (RT) for 1 hour. Sections were incubated with
1,32% triethanolamine and 0,18% HCl for 10’ at RT and with hybridization mix (50%
deionized formamide, 5x SSC buffer, 5x Denharts, 250 μg/ml tRNA baker’s yeast and
500 μg/ml Sonificated Salmon Sperm DNA) for 2 hours at RT. Sections were incubated
with RNA probes (400 ng/mL hybridization mix) overnight at 68 degrees. Slides were
transferred to 2x SSC at 68 degrees and then immediately to 0.2x SSC at 68 degrees for
2 hours. After that, sections were treated with 0,3% hydrogen peroxide in 1x TBS for 30’
at RT, blocked with TNB blocking buffer (from TSA Plus Cyanine 3 System, NEL744001KT,
PerkinElmer, Waltham, MA, US) for 1 hr at RT and incubated with anti-DIG-POD (1:500,
11207733910, Roche) and rabbit anti-RFP (1:1000, 600-401-379, Rockland, Limerick,
PA, US) in TNB blocking buffer overnight at 4 degrees. Sections were then incubated with
Cyanine 3 Tyramide amplification reagent (1:50 in 1X amplification diluent) from TSA
kit for 10-15’ at RT followed by incubation with goat anti-rabbit 568 (1:500, ab175471,
Abcam, Cambridge, UK) in TNB blocking buffer and DAPI (1:1000 in 1x PBS). Between
steps sections were washed 4x5’ with 1xTNT buffer (0,1M Tris-HCl, pH7.5, 0,15M NaCl,
0,05% Tween20). Sections were let to dry and covered with Fluorsave reagent (Calbiochem,
San Diego, CA, US).

Immunofluorescence
Slides were thawed at room temperature (RT) for 1 hour. Slides were incubated with
blocking solution (5% normal goat serum (NGS), 0.5% Triton X-100 in 1x PBS) for 1 hour at
room temperature (RT), followed by 2 hours incubation at RTwithRabbit anti-TH (Milipore,
Ab152)1:500 diluted in carrier solution (5% NGS, 0,1% Triton X-100 in 1x PBS). Sections
were then incubated with Alexa fluor 488 Goat a-rabbit (ab150077, Abcam) 1:1000
diluted in carrier solution for 2 hours at RT. Between all steps sections were washed 3
times for 5-10 minutes in PBS 1x. Sections were let to dry and covered with Fluorsave
(Calbiochem, San Diego, CA, US).
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Imaging and Image analysis
10x magnification pictures were taken with an epi-fluorescent microscope (Zeiss Scope A1,
ZEISS, Germany). Hypothalamic structures were defined based on the The Mouse Brain in
Stereotaxic Coordinates, 3rd Edition [146].
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Figure S1 FACS-sorting, plate/batch and condition distribution and quality measures.
A. Plots representing the selection of cells to be sorted in 384-well plates, example from
a single run. Left: 7,13% of the population was selected from the forward (FSC) and side
scatter (SSC). Middle: 79,8% of cells were selected as singlets. Right: 0.88% of singlets were
selected as tdTomato-positive based on fluorescence detected by the yellow laser. B. UMAP
plots showing distribution of plates (batches) and conditions. C Plots representing quality
measures for the number of genes, counts, percentage of mitochondrial genes and fraction
of ERCC spike-in genes. The plot on the right show the correlation between the number
of genes and counts as a measure of complexity. Cells are colored with the percentage of
mitochondrial genes detected.
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Figure S2 Hierarchical clustering of clusters and Lepr expression. A. Heatmap showing
Euclidean distances between clusters. The dendrogram depicts hierarchical clustering. B.
UMAP plot of Lepr gene expression. The expression level (normalized counts) is colorcoded.
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Figure S3 Neuropeptide and neuropeptide receptor expression in neuronal clusters of
LepR neurons in the hypothalamus. A-B Violin plots of expression of neuropeptide (A)
and neuropeptide receptor genes (B) in neuronal clusters. The maximum normalized count
of each gene is presented on the right.
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Figure S4 pySCENIC analysis for identification of GRNs. A. tSNE plot representing distribution
of conditions. B. Dot-plot representing the 38 regulons identified to be active in the 25 clusters
of LepR hypothalamic cells. Color-coding represents average regulon scores per cell and dot
size the percentage of cells in which the regulon is active.
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Figure S5 GRNs regulated by fasting in LepR Agrp neurons. A. Heatmap representing
regulon activity in individual LepR Agrp neurons from the fed and fasted condition. Colorcoding represents regulon score. B. Violin plots of regulon scores (numbers represent min and
max) and gene expression levels (numbers represent max) in the fed and fasted condition.
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Figure S6 Heatmap of cell type prioritization for multiple GWAS traits. Asterisks (*) mark cell
types passing the per-trait Bonferroni significance threshold (p<0.05/25). S-LDSC, stratifiedlinkage disequilibrium score regression.
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Sup. Table 1
Enriched in fasted
Gene
Chga

fasted_mean

fasted_pct fed_mean fed_pct

fasted_s

fasted_l

fasted_p

3,379

1,00

1,947

0,99

7,391

2,238

3,20E-09

Gm5963

2,207

1,00

0,942

0,79

7,128

2,370

1,12E-08

Vgf

3,340

1,00

0,742

0,62

7,049

4,627

1,32E-08

Gm6290

1,801

1,00

0,441

0,49

6,887

3,188

3,12E-08

Gm6368

2,408

1,00

0,963

0,77

6,773

2,643

5,52E-08

Rpl10-ps2

1,304

0,95

0,229

0,28

6,629

3,386

1,24E-07

Ubb

3,040

1,00

2,233

0,99

6,585

1,258

1,40E-07

Gm6433

1,131

0,90

0,056

0,08

6,568

5,197

1,40E-07

Hspa5

3,696

1,00

2,652

0,99

6,524

1,575

1,67E-07

Ryr3

2,829

1,00

2,056

0,99

6,506

1,224

1,69E-07

Sez6l

2,471

1,00

1,333

0,89

6,456

1,957

2,15E-07

Sox10

1,289

0,95

0,217

0,25

6,342

3,437

4,15E-07

Rpl3

3,221

1,00

2,480

1,00

6,204

1,136

9,28E-07

Gm37421

3,472

1,00

2,734

0,99

6,174

1,117

1,05E-06

Gm7198

2,572

1,00

1,531

0,93

6,132

1,739

1,27E-06

Rpl13

2,394

1,00

1,574

0,98

6,055

1,381

1,92E-06

Lepr

1,767

0,95

0,465

0,47

6,029

3,033

2,13E-06

Pcdh15

2,977

1,00

1,224

0,74

5,990

2,955

2,50E-06

Agrp

4,282

1,00

3,425

1,00

5,985

1,265

2,50E-06

Scg2

4,182

1,00

3,390
1,00
Enriched in fed

5,966

1,171

2,68E-06

Gene

fasted_mean

fed_s

fed_l

fed_p

Gm8055

0,933

fasted_pct fed_mean fed_pct
0,81

1,746

0,99

5,694

1,618

8,25E-06

Tagln3

1,835

0,95

2,516

0,99

5,355

1,111

3,52E-05

Dbp

0,085

0,10

0,977

0,77

5,313

4,216

4,08E-05

Efnb3

1,216

0,95

2,039

0,99

5,162

1,494

7,66E-05

Rnf112

0,932

0,86

1,588

0,97

5,046

1,338

1,27E-04

Tppp3

0,996

0,90

1,758

0,98

4,980

1,492

1,62E-04

Nsg2

1,943

1,00

2,567

0,99

4,893

1,008

2,27E-04

Nr1d2

0,823

0,76

1,634

0,93

4,891

1,692

2,27E-04

Psd

0,822

0,81

1,459

0,96

4,827

1,373

2,79E-04

Ctxn1

2,070

1,00

2,544

1,00

4,812

0,761

2,93E-04

Per3

0,559

0,57

1,309

0,90

4,772

1,853

3,44E-04

Wdr6

2,545

1,00

3,047

1,00

4,751

0,772

3,71E-04

Esyt3

0,750

0,67

1,470

0,94

4,746

1,584

3,76E-04

Nme3

0,572

0,67

1,177

0,91

4,650

1,540

5,48E-04

Pdxp

1,460

0,90

2,019

1,00

4,624

0,983

6,04E-04

Dpysl2

2,384

1,00

2,737

1,00

4,617

0,552

6,19E-04

Ddx3y

0,033

0,05

1,103

0,62

4,442

5,906

1,25E-03

Pltp

0,066

0,10

0,736

0,65

4,420

3,994

1,35E-03

Ptms

2,162

1,00

2,602

1,00

4,392

0,700

1,50E-03

Amigo2

1,286

0,90

1,868

0,98

4,381

1,064

1,56E-03

Sup. Table 1 Differential expression analysis of genes in Agrp LepR cells of the fed and fasted
condition. Mean: mean counts in fed/fasted, pct: fraction of cells expressing the gene, s: score,
l: log2FoldChange, p: adjusted p value. Top 20 genes are presented per conditions sorted by
lowest to highest p value.
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E2f6

Fosb

Foxn3

Foxo3

Hivep3

Hlf

Jun

Npdc1

Rfx3

Rad21

Map1lc3a

Srsf5

Foxo3

Foxp1

Per3

Dusp1

Ptprs

Rfx3

Thoc2
Nipbl

Atxn2l

Dusp1

Ank2

Cbx7

Pabpn1

Nr1d2

Btg2

Syt11

Lrrtm3

Grip2

Hspa9

Jun

Ppfia2

Man1a2

Nlk

Tef

Jun

Scyl2

Mapk10

Gpr85

Mink1

Jund

Grin2b

Stxbp5l

Ppp3ca

Kdm2b

Fosb

Nudt18

B3galt1

Pcdh17
Cxxc4

Cdv3

Ppm1a

Foxn3

Zfp639

Lrrc4c

Per1

Ubc

Mlf2

Lrrc7

Eif2s2

Fosb

Esrrg

Gria1

Ppfia2

Smarcad1

Btg3

Clstn3

Tnrc6a

Sox5

Chmp2a

Fos

Plxna4

Eif4e3

Nlgn1

Pgk1

Egr1

Mapk1ip1

Ntrk2

Baz2b

E2f6

Lancl2

Fgf14

Slc2a12

Nedd4l

Kcnj6

Fos

4632427E13Rik

Sorbs2

Erbb4

Rab18

Btg2

Cacna1e

Schip1

Fam155a

Ddx42

Per2

Eif4b

Grid2

Arid1b

Tsc22d1

Klf9

E130308A19Rik

Tbc1d2b

Zc3h12c

St18

Rrp1

Jund

Trpc4

B3galt1

Shh

Rrad

Frmd4a

Fstl4

Ywhah

Atp5d

Mark3

Zfand5

Fbxo42

Snap25

Cadps

Pcdha8

St5

Tmem59l

Dst

Ppp1r12a

Asnsd1

Srsf5

Trap1

Ube2e2

Stmn4

Letm2

Tead1

Prickle2

Msi2

Ldha

Pcdha2

Armc8

Srebf1

Syngr1

Mga

Atf6b

Adamts12

Ube2b

Wdr17

Cox17

Faim2

Sox11

Rap2a

Plekha1

Scn3a

Yipf2

Tm9sf4

Thoc2

Dmxl2

Gpr137c

Dtnb

Ing2

Gtf3c1

Nfyc

Ndufs8

Eif4a2

Picalm

Sox9

Atp6v1a

Akirin2

Naa50

Zfp423

Ubc

Pfkm

Ssr3

Psmc5

Ywhaq

Kat2a

Clcn3

Mrpl16

Btg2

Srsf5

Actr1b

Gtf2i

Pkia

Nprl3

Scg2

Ywhae

Rnf7

Vma21

Atp6v0a1

Ywhaz

Rps9

Morf4l1

H3f3b

Tasp1

Morf4l1

Eif4a3

Ptprn

Eef1g

Ndufb6

Eef2

Brca1

Tomm6

Tbx3

Ylpm1

Arpp19

Hsf1

Rab10
Itm2b
BC005537
Mapk10
Tspan7
Camk2n1
Ahcyl1
Srebf2

Sup. Table 2 Target genes of each regulon identified to be differentially regulated upon
fasting in Agrp LepR cells.
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You are all the things that are wrong with you.
It’s not the alcohol or the drugs,
or any of the shitty things that happened to you in your career
or when you were a kid.
It’s you.
It’s you.

Chapter 3

Abstract
Targeting specific neuronal cell types is a major challenge for unraveling their function and
utilizing specific cells for gene therapy strategies. Viral vector tools are widely used to target
specific cells or circuits for these purposes. Here, we use viral vectors with short promoters
of neuropeptide genes to target distinct neuronal populations in the hypothalamus of rats
and mice. We show that lowering the amount of genomic copies is effective in increasing
specificity of a melanin-concentrating hormone promoter. However, since too low titers
reduce transduction efficacy, there is an optimal titer for achieving high specificity and
sufficient efficacy. Other previously identified neuropeptide promoters as those for
oxytocin and orexin require further sequence optimization to increase target specificity.
We conclude that promoter-driven viral vectors should be used with caution in order to
target cells specifically.
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Introduction
The central nervous system is characterized by enormous diversity in cell types and
projections. Traditionally, cell types are defined by distinct expression of marker genes.
Within a brain region, distinct cell types play different roles in regulating functions and
behaviors. For example, in the arcuate nucleus of the hypothalamus Agrp/Npy neurons
are molecularly distinct from POMC/CART and they have opposing effects on food intake
and energy expenditure [50], [288]. In the lateral hypothalamus, orexin and melaninconcentrating hormone (MCH) neurons both promote the consumption of palatable food,
but affect different aspects of food intake: orexin neurons by promoting food seeking
and motivation for food reward and MCH by prolonging consumption of palatable food
[289]. Loss of limited numbers of specific neurons has the potential to result in disease.
For instance, loss of orexin neurons underlies narcolepsy [1] and Parkinson's disease is
characterized by loss of dopamine neurons [290].
Targeting distinct cell types in specific areas of the brain is critical for the understanding of
their specific function and role in behavior as well as for utilizing specific cells for therapeutic
interventions in humans.
In preclinical studies, viral vectors are also used for manipulation and recording of neuronal
activity, neuronal silencing and overexpression or knock-down of desired proteins in specific
cell types or circuits. A straightforward approach to target specific cells with these tools is
to generate mice or rats in which recombinases, such as Cre and Flp [291], are expressed
in a locus of a marker gene that is selectively expressed in those cells. Viral vectors carrying
transgenes, of which the expression depends on these recombinases, can be injected in
brain regions and target the cells of interest. Nevertheless, when a combination of tools
needs to be used, for example to simultaneously activate a cell type and record from
another one, generation and breeding of multi-transgenic animals becomes a hurdle.
Moreover, the use of wild type instead of transgenic animals makes these tools directly
applicable to higher primates. A way to limit the use of transgenic animals is to develop
viral vectors that use a short promoter of a marker gene to target a specific cell type.
A few neuropeptide promoters have been used in the literature to record from neurons
in vitro or activate them with optogenetics and chemogenetics. The most widely used
promoter to target a neuronal subtype is CamKIIα, which targets expression in (subsets of)
glutamatergic cells [292].
Regarding the hypothalamus, melanin-concentrating hormone (MCH) neurons have been
extensively targeted with adeno-associated viruses (AAVs) that express genetic tools under
the control of the MCH promoter (MCHpr). van den Pol et al. [84] recorded neuronal activity
of MCH neurons tagged with GFP under the control of the rat MCHpr. In Konadhode et al. [85],
MCH neurons were targeted with the light-sensitive channel Channel Rhodopsin 2 (ChR2)which
allowed their transient activation for milliseconds and their role in sleep was investigated. In
Noble et al. [86], the role of MCH neurons in feeding was investigated by expressing a designer
receptor exclusively activated by designer drugs (DREADD) under the control of the rat MCHpr,
which when activated by Clozapine N-Oxide (CNO)transiently increases neuronal firing for
hours. Moreover, different fragments of the mouse oxytocin promoter (OXTpr) have been used
to target oxytocin-expressing cells in the PVN with ChR2 and DREADD and study their role in
feeding and autism respectively [89], [293]. Finally, the human Orexin promoter has been used
to record from Orexin neurons in the hypothalamus [87].
Despite the availability of promoters, short enough to fit in AAVs and specific enough
to restrict expression in cell-types, they have not been very widely used so far. A cause
of this might be the low efficiency of viral transduction, that can be improved by using
different serotypes or serotype-"hybrids" of AAV and increased titers. On top of that,
promoter-driven constructs can result in off-target expression when a lot of copies
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are present in a cell [294]. We aimed to investigate this further by assessing outcomes
of viral transduction, such as specificity and efficiency of expression and question the
implications that these outcomes could have on functionality by testing promoters that
have been used to target cells in the hypothalamus: MCH neurons in the LH, Orexin
neurons in the LH and perifornical area and Oxytocin neurons in the paraventricular
nucleus (PVN) of the hypothalamus.

Results

Established neuropeptide promoters lead to non-specific expression at
high titers
In order to achieve viral transfer in the hypothalamus we determined the ability of
already established cell-specific promoters to drive specific expression of optogenetic and
chemogenetic tools at titers (amount of genomic copies) commonly used in the literature.
To this end, we utilized an AAV carrying the rat 463bp MCH promoter (rMCHpr), first
established in van den Pol et al. [84], driving expression of Channel Rhodopsin 2 fused
with eYFP (MCH-ChR2:eYFP) as previously used in Konadhode et al. [85], injected in
the rat lateral hypothalamus at 3 x 109g.c. per µL. Moreover, we created an AAV with the
rMCHpr driving expression of the DREADD receptor hM3D(Gq) fused with mCherry (MCHGq:mCherry) and injected it in the rat lateral hypothalamus at 0.3 x 109 g.c. per µL. Both of
these constructs resulted in high expression of fluorophores in MCH+ cells; however, there
was also expression in many MCH- cells (top and middle panel, Figure 1a). Non-specific
expression of fluorophores was clearly observed in areas poor in MCH+ cells (Figure S1a),
as well as in sections caudal to the injection site, in which there are almost no MCH cells
(Figure S1b).
To assess whether the non-specific expression observed is due to the AAV capsid of
serotype 5, we also injected the MCH-ChR2:eYFP construct packaged in capsids of
serotypes AAV1 and AAV2 in pilot experiments. With AAV1 at the same titer (3 x 109g.c.
per µL) we observed similar levels of non-specific expression (data not shown), whereas
AAV2 was produced at a low titer (0.3 x 109 g.c. per µL) and transduced very few cells in
the hypothalamus. Therefore, we assumed that there is no difference regarding specificity
between AAV1 and AAV5 and decided to package all the AAV constructs in this study in
AAV capsid of serotype 5.
When injecting MCH-ChR2:eYFP unilaterally into the ventral tegmental area (VTA), where
no MCH neurons are present, eYFP+ cells were observed (Figure S2a).
We also cloned a human 1.3 kb-long Orexin promoter (Orepr), as used in Saito et al. [87],
in front of ChR2:eYFP (Ore-ChR2:eYFP), packaged it in AAVand injected it in the mouse
hypothalamus at 1 x 109 g.c. per µL. Expression of eYFP was not only observed in Orexin+
cells but also in Orexin- cells (bottom panel, figure 1a).
We next questioned the identity of the cells where non-specific expression was observed.
We did not observe co-localization of eYFP with Orexin on tissue of brains injected with
MCH-ChR2:EYFP (Figure S2b). Therefore, we evaluated whether these cells were neurons.
Qualitative assessment revealed that there are MCH-EYFP+ cells that also express NeuN
(Figure 1b).
Considering these results, we reasoned that weak promoter activity of promoters in nonspecific cells resulted in non-specific expression of transgenes, when a high number of
genomic copies ends up in a cell. We therefore determined whether lowering the titer of
the injected AAV vectors increases specificity.

Titer affects specificity and efficiency of promoter-driven expression
We decreased the titer of MCH-ChR2:eYFP from 3.0 to 0.3, 0.1 and 0.03 x 109g.c. per µL
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Figure 1 Established neuropeptide promoters driving expression of transgenes in the
hypothalamus. A. Top: The rat MCH promoter [84] driving expression of ChR2:eYFP (MCHChR2:eYFP): co-staining for MCH (red) and eYFP (green); Middle: The rat MCH promoter
[84] driving expression of Gq:mCherry (MCH-Gq:mCherry): co-staining for MCH (green) and
mCherry (red),eYFP or mCherry expression in MCH+ cells (full white arrows), expression in
MCH- cells (empty white arrows); Bottom: The human Orexin promoter [87]driving expression
of ChR2:EYFP (Ore-ChR2:eYFP) in the mouse hypothalamus, co-staining for Orexin (red)
and eYFP (green); eYFP expression in Orexin+ cells (full white arrows), expression in Orexincells (empty white arrows). B. MCH-ChR2:eYFP injected in the rat hypothalamus; co-staining
for MCH (red), NeuN (blue), eYFP (green); eYFP+NeuN+ in MCH+ cells (full white arrows),
eYFP+NeuN+ in MCH- cells (empty white arrow). Scale bars: 20 µm
and quantified the specificity and efficiency of these titers to target MCH neurons in
the lateral hypothalamus. We hypothesized that by lowering the amount of genomic
copies that enters a cell, specificity would be increased, whereas efficiency would be
decreased.
Indeed, lowering the titer of MCH-ChR2:eYFP significantly increased specificity
(one-way ANOVA:F (3, 14) = 7,997, p = .0024, n=4-5 per group, Figure 2a, left), and
decreased efficiency (one-way ANOVA: F(3,13) = 5,253, p = .0136, n=4-5 per group,
Figure 2a, right). Moreover, at low titers, there was no expression of eYFP in caudal
sections (Figure S1c).
MCH-ChR2:eYFP had similar efficiency to target MCH neurons at 0.3 x 109 g.c. per µL
compared to 3.0 x 109g.c. per µL (0.3: 39,91%±5,782, 3.0: 36,05%±5,165, mean±SEM).
However, specificity of MCH-ChR2:eYFP reached maximum levels at 0.1 x 109 g.c.
per µL (93,94%±1,266, mean±SEM), whereas efficiency became low (25,3%±5,43,
mean±SEM).
Therefore, we decided to use titers of 0.1 and 0.3 x 109g.c. per µL in order to explore
if there is an effect of titer on specificity and efficiency for MCH-Gq:mCherry and OreChR2:eYFP.
A 3-fold decrease of the titer of MCH-Gq:mCherry from 0.3 to 0.1 x 109g.c. per µL,
significantly increased specificity (unpaired t-test, t(9) = 2,9, p = .0176, n=5-6 per
group, Figure 2b, left) but decreased efficiency (unpaired t-test, t(9) = 2,455, p =
.0364, n=5-6 per group, Figure 2b, right).
Furthermore, we targeted the hypothalamus of mice with Ore-ChR2:EYFP at titers of
0.3 and 0.1 x 109 g.c. per µL. Only 2 out of 4 mice injected with the lowest titer showed
expression. Based on the results from the mice that showed expression, we found that
lowering the titer increased specificity (unpaired t-test, t(3) = 6,565, p = .0072, Figure
2c, left). However, specificity was low even at levels of 0.1 x 109g.c. per µL, in contrast
with our findings with MCHpr. Therefore, we decided to decrease the titer to 0.03 x
109g.c. per µL in order to determine if specificity would increase further. However, from
3 mice injected only one showed expression with specificity of 51,11% and efficiency
of 12,70%. Overall, across all three titers injected - including the animals that showed
no expression - efficiency decreased substantially (Kruskal-Wallis test: χ2(3, N=10) =
6,368, p = .0219, Figure 2c, right).
Overall, these results show that lowering the titer of viral vectors with promoter-driven
transgenes leads to an increase in the specificity, while reducing efficiency to target specific cells.

Non-specific expression driven by a short promoter is lower than in
properly-targeted specific cells
Since we found that reducing titer increases specificity of promoter-driven expression of
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Figure 2 Effect of titer on specificity and efficiency of promoter-driven viral constructs. A.
MCH-ChR2:eYFP injected at 3.0 to 0.3, 0.1 and 0.03 x 109g.c. per µL in the lateral hypothalamus
of rats; Left: Specificity as % eYFP+MCH+ / eYFP+ cells in the lateral hypothalamus (F (3, 14)
= 7,997,n=4-5 per group, p = .0024), Right: Efficiency as % eYFP+MCH+ / MCH+ cells in the
lateral hypothalamus (one-way ANOVA: F(3,13) = 5,253,n=4-5 per group, p = .0136); B.
MCH-Gq:mCherry at 0.3 and 0.1 x 109g.c. per µL injected in the lateral hypothalamus of rats;
Left: Specificity as % mCherry+MCH+ / mCherry+ cells in the lateral hypothalamus (unpaired
t-test, t(9) = 2,9, n=5-6 per group, p = .0176),Right: Efficiency as % mCherry+MCH+ / MCH+
cells in the lateral hypothalamus (unpaired t-test, t(9) = 2,455,n=5-6 per group, p = .0364);
C. Ore-ChR2:eYFP injected at 0.3, 0.1 and 0.03 x 109g.c. per µL in the hypothalamus of mice;
Left: Specificity as % eYFP+Orexin+ / eYFP+ cells in the hypothalamus (unpaired t-test, t(3)
= 6,565, p = .0072), at 0.03 x 109g.c. per µL 2 out of 3 mice didn’t show expression, thus
specificity is not included in the graph, Right: Efficiency as % eYFP+Orexin+ / Orexin+ cells in
the hypothalamus (Kruskal-Wallis test: χ2(3, N=10) = 6,368, p = .0219); All graphs represent
mean, except for right panel of C, which represents median; ns not significant, *P<0.05,
**P<0.01; Dots represent individual animals
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ChR2:eYFP and Gq:mCherry, we determined whether this affected expression level.
We observed that when lowering the titer from 3.0 to 0.1 x 109g.c. per µL, at which
specificity becomes very high (94,61% ± 2,99, mean±SEM), the intensity of expression of
eYFP in MCH+ cells decreased. In particular, at 3.0 x 109g.c. per µL, mean fluorescence
intensity of eYFP in MCH+ cells is significantly lower compared to the intensity of eYFP in
MCH+ cells when injecting at 0.1 x 109g.c. per µL (Mann-whitney u-test: U=2924, p< .0001,
Figure 3a).
When using MCH-ChR2:eYFP at a high titer (3.0 x 109g.c. per µL), specificity of targeting
MCH+ cells was 59,52% ± 3,88 (mean±SEM). However, we noticed that the level of eYFP
expression in MCH- cells was much lower than in MCH+ cells. More specifically, mean
fluorescence intensity (mfi) of eYFP in MCH+ cells was significantly higher than in MCH- cells
(Mann-whitney u-test: U=120, p< .0001, Figure 3b). This was also the case when injecting
other constructs at high titers (see Figures 1a, 1b).
Even though levels of off-target transgene expression are very low, manipulation of neuronal
activity or signal coming from these cells might have implications for interpretation
of results when promoter-driven transgenes are used in vivo or in vitro. Therefore, we
aimed to investigate whether there is activation of MCH- cells, as a result of non-specific
expression of transgenes.
Animals that were injected with MCH-Gq:mCherry (Figure 2b), received CNO or saline
2 hours prior to sacrifice. We examined expression of immediately early gene cFos in
MCH+mCherry+ and MCH-mCherry+ cells after CNO and Saline administration (Figure 3c, top
& middle). After CNO administration the percentage of cFos+ cells within MCH+mCherry+
cells was significantly higher compared to Saline administration (Mann-whitney u-test: U=0,
p = .0043, n=5-6 per group, Figure 3c, bottom left). Additionally, after CNO administration
the percentage of cFos+ cells within MCH-Gq+ cells was significantly higher compared to
Saline administration (unpaired t-test: t(5) = 2,89, n=3-4 per group, p = .0342, Figure 3c,
bottom right). Four animals were excluded in the latter analysis, because the amount of
MCH-mCherry+ cells was not sufficient enough to include in quantifications (since specificity
was very high).

Promoter-driven Cre leads to non-specific expression at all titers
Expression of Cre recombinase in combination with Cre-dependent (floxed) constructs or
conditional mouse lines would potentially more efficiently transduce neurons because, in
theory, one molecule of Cre is sufficient to recombine many copies of the Cre-dependent
transgenes. We reasoned that if very specific expression of Cre was achieved at low level,
this would be sufficient to recombine transgenes under the control of strong promoters so
that high levels of expression would be reached.
To test this, we combined injections of rMCHpr driving Cre (MCH-Cre) with a Cre-dependent
ChR2:eYFP (DIO-ChR2:eYFP) in the lateral hypothalamus of rats at the two lowest titers that
we previously injected MCH-ChR2:eYFP with: 0.1 and 0.03 x 109 g.c. per µL as well as two
lower titers: 0.01 and 0.003 x109g.c. per µL (titer of DIO-ChR2:eYFP was 1 x 109 g.c. per µL).
Serial dilutions of titer did not affect specificity (one-way ANOVA, F (3, 15) = 0,6473, n=4-5
per group, p = .5967, Figure 4, left), whereas efficiency decreased (one-way ANOVA: F (3, 15)
= 7,87, n=4-5 per group, p = .022, Figure 4, right).
Additionally, we compared the specificity and efficiency of MCH-Cre & DIO-ChR2:eYFP
with MCH-ChR2:eYFP, both injected at 0.1 and 0.03 x 109g.c. per µL. MCH-Cre & DIOChR2:eYFP were significantly less specific to target MCH neurons compared to MCHChR2:eYFP at both titers (two-way ANOVA; effect of construct: F(1,15) = 129,7, p< .0001;
post-hoc Sidak’s test, p< .0001 for 0.1, p< .0001 for 0.03, Figures 2a and 4). Moreover,
MCH-Cre & DIO-ChR2:eYFP showed higher efficiency to target MCH neurons than MCHChR2:eYFP (two-way ANOVA; effect of construct: F(1,15) = 7,801, p = .0144; construct
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Figure 3 Non-specific expression of transgenes is lower than expression in specific cell.
A. Expression levels of eYFP, measured as mean fluorescence intensity (mfi), in MCH+
cells at 3.0 and 0.1x 109g.c. per µL of MCH-ChR2:eYFP (Mann-whitney u-test: U=2924,
p< .0001); B. Expression levels of eYFP, measured as mean fluorescence intensity (mfi),
in MCH+ and MCH- cells at 3.0 x 109g.c. per µL of MCH-ChR2:eYFP (Mann-whitney
u-test: U=120, p< .0001); C. cFos expression in mCherry+cells after CNO and Saline
administration in rats injected with MCH-Gq:mCherry at 0.3 x 109g.c. per µL in the lateral
hypothalamus; Top: Co-staining for Gq:mCherry (red), MCH (blue), cFos (green) after
Saline administration, cFos-Gq+MCH+ (full white arrows), cFos-Gq+MCH- (empty white
arrows); Middle: Co-staining for Gq:mCherry (red), MCH (blue), cFos (green) after CNO
administration, cFos+Gq+MCH+ (full white arrows), cFos+Gq+MCH- (empty white arrows);
Bottom, left: % cFos+ cells within mCherry+MCH+ cells after Saline and CNO administration
(Mann-whitney u-test: U=0, n=5-6 per group, p = .0043); Bottom, right: % cFos+ cells
within mCherry+MCH- cells after Saline and CNO administration (unpaired t-test: t(5) =
2,89,n=3-4 per group, p = .0342); Scale bar: 50 µm; Graphs represent: A) median ± 95%
CI, B) median ± 95% CI, C) Left: median, Right: mean; *P<0.05, **P<0.01, ****P<0.0001;
Dots represent individual animals.

Figure 4 MCH promoter-driven Cre with Cre-dependent (DIO-)ChR2:eYFP. A. The rat
MCH promoter driving expression of Cre injected with DIO-ChR2:eYFP in the rat lateral
hypothalamus; co-staining for MCH (red) and eYFP (green), eYFP expression in MCH+ cells
(full white arrows), expression in MCH- cells (empty white arrows); B. MCH-Cre injected in
the lateral hypothalamus at 0.1, 0.03, 0.01 and 0.003 x 109g.c. per µL with DIO-ChR2:eYFP
at 1.0 x 109g.c. per µL; Left: Specificity as % eYFP+MCH+ / eYFP+ (one-way ANOVA, F (3, 15)
= 0,6473, n=4-5 per group, p = .5967); Right: Efficiency as % eYFP+MCH+ / MCH+ (one way
ANOVA: F (3, 15) = 7,87, n=4-5 per group, p = .022); Scale bar: 30 µm; All graphs represent
mean; **P<0.01; Dots represent individual animals
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x titer interaction: F (1, 14) = 5,766, p = .0308, Figures 2a and 4) and this decrease was
driven by the titer of 0.03 x 109g.c. per µL (post-hoc Sidak’s test, p = .9541 for 0.1, p = .0050
for 0.03). The total number of eYFP+ cells transduced with MCH-Cre & DIO-ChR2:EYFP was
higher compared to the total number transduced with MCH-ChR2 at the common titers
injected (0.1 and 0.03 x 109g.c. per µL) (Figure S3a).
We also injected a mouse Oxytocin promoter [89] driving Cre into the PVN of Rosa26LSL-YFP mice. A titer of 0.8 x 109 g.c. per µL resulted in robust non-specific expression and
a low titer of 0.05 x 109 g.c. per µL resulted in very low and still non-specific expression
(Figure S3b).

Discussion

Short neuropeptide promoters remain attractive tools to target expression to specific cells
when using viral vectors. To evaluate and further develop these tools, we here determined
specificity and efficiency of a selection of well-known neuropeptide promoters.
We showed that constructs that are driven by established cell-specific promoters lead
to off-target expression of transgenes in cells when injected at high titers. In particular,
we targeted MCH cells in the rat lateral hypothalamus with cDNAs used for optogenetics
and chemogenetics under the control of the rat MCH promoter[84], and showed that
ChR2:eYFP and Gq:mCherry were expressed in both MCH+ and MCH- cells. Similarly, when
targeting orexin cells in the mouse hypothalamus with ChR2:eYFP under the control of
the human orexin promoter [87], expression of ChR2:eYFP was also found in Orexin- cells
(Figure 1a). Off-target expression is likely a result of the high titer injected, because weak
promoter activity accumulates when too many genomic copies of a transgene end up in a
cell. Indeed, in figure 2 we show that specificity and efficiency of expression is dependent
on the amount of genomic copies injected. When titer is lowered, specificity increases and
efficiency decreases.
Even though these promoters have been used in the literature and evidence was
provided that they were specific, we observed non-specific expression. In van den Pol
et al. [84], 294 out of 300 GFP+ cells (98%) also showed MCH immunoreactivity when
MCH-GFP in AAV capsid of serotype 2 was injected in the rat lateral hypothalamus,
and there was no GFP signal detected neither in regions where there are no MCH
cells or next to the needle tract. Similarly, in Konadhode et al. [85], all eYFP+ neurons
were also positive for MCH (100%) when MCH-ChR2:eYFP in AAV capsid of serotype
5 was injected in the hypothalamus of mice. In Saito et al. [87], the human orexin
promoter was used to drive expression of tdTomato in orexin neurons in the mouse
hypothalamus in an AAV capsid of serotype 2. Almost all (>97%) tdTomato-expressing
neurons were positive for Orexin.
There are several reasons that could explain why there is a discrepancy between our
observations and the literature. First, what is common in all three papers cited, is that no
immunohistochemical detection method was used to detect GFP, eYFP and tdTomato
respectively, and rather quantifications were made with observing the endogenous signal of
these fluorescent proteins. Therefore, there is a possibility that low expression levels remained
undetected. We used antibodies against the fluorophores expressed under the control of the
neuropeptide promoters, in order become more sensitive to detect expression. We indeed
found that the eYFP signal coming from MCH- cells has lower intensity than that coming
from MCH+ cells (figure 4b), which we discuss later. We exclude the possibility of background
signal resulting in counting a cell as positive, because with lower titers we reached high levels
of specificity. Moreover, even though there is highly non-specific expression (around 60% of
eYFP+ cells are also MCH+) in brains injected with MCH-ChR2:eYFP at 3.0 x 109g.c. per µL,
we did not find any co-localization of eYFP and Orexin. Perhaps there is high transcriptional
repression of the promoter of the preproMCH gene in orexin cells.
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It is worth to discuss that this kind of results are not always directly comparable with
the results of other labs that have tested AAV constructs with the same neuropeptide
promoters, since the methods used for production, purification and titration of the viral
particles and genomic copies differ and therefore the amount of real genomic copies
injected in the brain can be difficultly compared. For example, considering titration
methods, van den Pol et al. [84] measured the number of DNase resistant particles by
real-time PCR, Konadhode et al. [85] used dot plot hybridization, whereas we used realtime PCR with primers binding on the wPRE element. Thus, calculated and real amounts
of genomic copies may differ between labs which could explain the discrepancies in
results.
Another reason that could have led to a difference in our findings could be the choice of
AAV capsid, since it influences the uptake of AAVs in specific cells. We packaged all AAVs
in capsid of serotype 5, whereas van den Pol [84] and Saito [87] used serotype 2. AAV
with capsid of serotype 2 is known to transduce smaller areas and infect different cells
than that of serotype 5 [295]–[297]. Therefore, we might have infected many more and
different types of cells compared to previous studies, even though we used similar titers.
Unfortunately, when injecting MCH-ChR2:eYFP packaged in AAV capsid of serotype 2 the
efficiency was very low and we could hardly detect eYFP+ positive cells, which compromised
assessment of the effect of serotype on specificity.
We also noticed that, even though with the rat MCH promoter specific expression was
obtained with MCH-ChR2:eYFP and MCH-Gq:mCherry at titer of 0.1 x 109g.c. per µL, this
was not the case when Ore-ChR2:eYFP was injected. When the human orexin promoter
was used, even though lowering the titer increased specificity, efficiency was decreased
so much that expression of eYFP reached undetectable levels in many of the animals. We
speculate that because a human Orexin promoter was used in a different species, it might
not possess all the necessary regulatory elements to restrict expression in orexin cells in
mice. It is also worth to discuss that the 1.3 kb human orexin promoter that was used
by Saito et al. [87] and us, does not contain an important regulatory element, defined as
“OE2” in the literature [298]. Transgenic mice with endogenous expression of LacZ under
the control of the human 3.2 kb orexin promoter, which includes OE2, show restricted
expression of LacZ in orexin neurons of the LH, whereas the 1.3 kb promoter used in the
same paradigm results in off-target expression of LacZ in the Arcuate nucleus. Therefore,
the human orexin promoter that we used might not have the ability to restrict expression
exclusively in orexin neurons.
Furthermore, we cannot exclude the possibility that with lower titers, at which expression
of transgenes is very specific, there is still minimal non-specific expression that is not
detected with immunohistochemistry. This possibility could be examined by using different
detection methods, such as in situ hybridization.
When decreasing the titer to reach highly specific expression, eYFP expression in MCH neurons
decreased, meaning that the regulation of eYFP expression is lower, which could potentially
decrease the intensity of neuronal activation when light activates ChR2 and have implications
for the magnitude of experimental outcomes (figure 3). We also showed that eYFP was
expressed at lower levels in MCH- cells compared to MCH+ cells in rats injected with MCHChR2:eYFP at high titer. Therefore, when MCH+ and MCH- cells are activated with optogenetics,
manipulation of MCH- cell activity might be negligible. We therefore determined whether cells
that are targeted non-specifically express sufficient amounts of cDNA to be manipulated. In
rats expressing Gq:mCherry under the control of the MCH promoter in MCH+ and MCH- cells,
CNO increased cFos immunoreactivity in both MCH- and MCH+ cells. Therefore, even though
expression of transgenes is lower in MCH- cells, this may result in their activation and contribute
to the observed effects of chemogenetic or optogenetic stimulation.
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Moreover, in figure 4, we aimed to target MCH neurons in the lateral hypothalamus of rats
by using a combination of MCH-Cre and Cre-dependent (DIO-)ChR2:eYFP. We observed
non-specific expression which was not affected by lowering the titer, whereas the efficiency
to target MCH neurons was decreased. Since, theoretically, one molecule of Cre is sufficient
to recombine many molecules of DIO-ChR2:eYFP, lowering the titer of Cre did not impact
specificity of ChR2, although efficiency to target MCH neurons decreased. For these reasons,
we conclude that this strategy is not successful.
We conclude that proper targeting of cDNAs using short cell-specific promoters in viral
vectors depends on the type of promoter and the titer of injection. We recommend that
promoters such as the one of the orexin gene, should be optimized further to reach target
specificity. Established promoters, like the MCH promoter, should be used with caution
since at high titers off-target expression occurs, which may impact specificity of the
intended manipulation.

Materials and Methods
Animals

Adult wistar (Crl:WU), Long-Evans rats and adultC57Bl/6J and R26R-EYFP (L-YFP) mice
(006148, Jackson laboratories, Bar Harbor, ME, US) on C57Bl/6J background were used.
Animals were housed socially and kept under a normal 12:12 hr light-dark cycle with
lights off at 19:00. All animals were kept at room temperature (21 ± 2ºC) and 40-60%
of humidity conditions. They were fed with chow and water ad libitum. All experiments
were approved by the Animal Ethics Committee of Utrecht University and conducted in
agreement with Dutch laws (Wet op de Dierproeven, 1996; revised 2014) and European
regulations (Guideline 86/609/EEC; Directive 2010/63/EU)

Plasmid construction and Viruses
To create pAAV-MCH-ChR2:eYFP, PCR with forward 5’- TTAGACGCGTTCTAGAGATAACTTCTATTTAATAAGG-3’ and reverse 5’- GTACGGATCCCCTGTTTGCTGCTCCGTAAAGCCGAAG-3’ primers was performed on rat genomic DNA in order to amplify the rat 463
bp-long promoter of the preproMCH gene[84]. The PCR product was ligated into pGEMT.
easy (Promega, Madison, WI, US) (pGEMT-MluI-MCH-BamHI) and sequenced with Sanger
sequencing. Plasmids pGEMT-MluI-MCH-BamHI and pAAV-CaMKIIa-hChR2(C128S/
D156A)-EYFP (gift from Karl Deisseroth, Addgene, Watertown, MA, US, plasmid # 35501)
were digested with MluI and BamHI and the insert MCH was ligated into backbone pAAVhChR2(C128S/D156A)-EYFP.
To create pAAV-MCH-Gq:mCherry, PCR with forward 5’- ACGCGTTCTAGAGATAACTTCTATT-3’ and reverse 5’- GTCGACGGATCCCCTGTTTGCTGCTC-3’ primers was performed on
pGEMT-MCH (see above). The PCR product was ligated into pGEMT.easy and sequenced
with Sanger sequencing. The latter plasmid together with pAAV-hSyn-hM3D(Gq)-mCherry (a
gift from Bryan Roth, Addgene plasmid # 50474) were digested with MluI and SalI and the
insert MCH was ligated into backbone pAAV-hM3D(Gq)-mCherry.
To create pAAV-Ore-ChR2:eYFP, the human 1.3 kb orexin promoter[87] was cut off with
MluI and BamHI from plasmid pAAV-hOrexin-tdTomato (gift from Takeshi Sakurai[87]) and
ligated into backbone pAAV-hChR2(C128S/D156A)-EYFP.
To create pAAV-MCH-Cre, plasmids pGEMT-MluI-MCH-BamHI - created above - and
pAAV-EF1a-Cre (gift from Karl Deisseroth, addgene plasmid # 55636) were digested with
MluI and BamHI and the insert MCH was ligated into the backbone pAAV-Cre.
To create pAAV-Oxt-Cre, PCR with forward 5’-ACGCGTCACAGCAGGTTCTAATACAGAGTTT-3’ and reverse 5’-GGATCCGGTACCGGCGATGGTGCTCAGT-3’ primers was performed on
mouse genomic DNA in order to amplify the mouse 600 bp-long Oxytocin promoter[89].

Page 92 | 188

Chapter 3
The PCR product was ligated into pGEMT.easy and sequenced with Sanger sequencing
(pGEMT-Oxt). pGEMT-Oxt and pAAV-EF1a-Cre were digested with MluI and BamHI and
the insert Oxt was ligated into the backbone pAAV-Cre.
All created pAAV plasmids were maxi-prepped and the sequence between the inverted
terminal repeats (ITRs) was confirmed with Sanger sequencing.
Serotype 5 AAV viruses were generated as described earlier[177], except that each plasmid
was co-transfected with the pDP5 plasmid[299] at a molar ratio of 1:1, resulting in AAV vectors
rAAV5-MCH-ChR2:eYFP (MCH-ChR2:eYFP), rAAV5-MCH-hM3D(Gq)-mCherry (MCH-Gq:mCherry), rAAV5-Ore-ChR2:eYFP (Ore-ChR2:eYFP), rAAV5-MCH-Cre (MCH-Cre) and rAAV5Oxt-Cre (Oxt-Cre). All viruses were dissolved in sterile PBS 1x with 5% glycerol in low adhesion
PCR tubes (K77301, BIOplastics, Landgraaf, the Netherlands) and 10 µL aliquots were frozen
at -80. Titer was determined on the high titer stock once using real-time PCR (qPCR) with
primers binding on the wPRE element. We did not determine titer of diluted stocks as we used
low adhesion tubes, however we cannot exclude that the titer of diluted stocks was lower than
calculated due to stickiness of the virus to tubing.
Viral vector rAAV5-EF1a-DIO-hChr2(H134R)-EYFP (DIO-ChR2:eYFP) was purchased from
UNC Vector Core (Chapel Hill, NC, US).

Stereotaxic surgeries
On the day of the surgeries the virus aliquots were thawed on ice and serial dilutions were
made with PBS 1x. All aliquots were kept on ice until loaded onto the syringe. Rats were
anesthetized with an intramuscular injection of hypnorm (0.315 mg/kg fentanyl and 10 mg/
kg fluanisone, Janssen Pharmaceutica, Beerse, Belgium). Mice were anesthetized with ketamine (75 mg/kg, Narketan, Vetoquinol BV, Breda, The Netherlands) and medetomidine
(1 mg/kg, Sedastart, AST Farma BV, Oudewater, The Netherlands). Animals were given
eye cream (CAF, CEVA Sante Animale BW, Naaldwijk, The Netherlands) and were placed
on a stereotaxic apparatus (David Kopf Instruments, Tujunga, USA or Configuration Stereotaxic, 68U017, UNO, The Netherlands). A small incision was made along the midline of
the skull and additional analgesia was applied by spraying Xylocaine (lidocaine 100mg/
ml, AstraZeneca BV, The Hague, The Netherlands) on the skull. Per surgery, a maximum of
3 animals per titer were injected (~1 hour), during which the virus was kept at room temperature in the tubing. Viruses were injected unilaterally using a 34G stainless steel needle
connected to 10ul Hamilton syringe at a rate of 0.05-0.10 uL/min. In 3 batches ofC57Bl/6J
mice, 0,2 uL of Ore-ChR2:eYFP was injected in the hypothalamus (-1.30 anteroposterior
(AP), ±1.80 mm mediolateral (ML) from Bregma, and −5.40 mm dorsoventral (DV) from the
skull, at an angle of 10°). In 2 batches of L-YFP mice, 0,2uL of Oxt-Cre was injected in the
paraventricular nucleus (PVN) (-0.80 AP, ±0.70 mm ML from Bregma, and −5.00 mm DV
from the skull, at an angle of 5°). In 5 batches of Wistar rats, 0,5uL of MCH-ChR2:eYFP or
MCH-Cre mixed with DIO-ChR2:eYFP were injected in the lateral hypothalamus (-2.90
AP, ±1.80 mm ML from Bregma, and −9.40 mm DV from the skull, no angle). In 2 batches
of Long-Evans rats, 0,5uL of MCH-Gq:mCherry was injected in the lateral hypothalamus
(-2.80 AP, ±1.60 mm ML from Bregma, and −9.40 mm DV from the skull, no angle). Groups
were balanced between different batches. In a Wistar rat, 1 uL of MCH-ChR2 was injected
in the ventral tegmental area (VTA) (-5.60 AP, ±1.30 mm ML from Bregma, and −8.20 mm
DV from the skull, at an angle of 5°). Titers of viruses injected are shown in Table 1. After
injection, the needle was maintained at its injection position for 15 min. After surgery, the
animals were given carprofen for pain relief (5 mg/kg per day for 3 days, subcutaneous
(s.c.)) and saline (For mice 0.4ml/10gr and for rats 1ml/100gr, once, s.c.).

Histology
Two weeks after surgery animals were sacrificed with sodium pentobarbital overdose (200
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Viral vector

Injected titer
(x 109g.c.
per µL)

Injected
Volume

Species

Region

MCH-ChR2:eYFP

3.0

0,5

rat

LH, VTA

0.3

0,5

rat

LH

0.1

0,5

rat

LH

0.03

0,5

rat

LH

0.3

0,2

mouse

LH, PeF

0.1

0,2

mouse

LH, PeF

0.3

0,5

rat

LH

0.1

0,5

rat

LH

0.1

0,5

rat

LH

0.03

0,5

rat

LH

0.01

0,5

rat

LH

0.003

0,5

rat

LH

0.8

0,2

mouse

PVN

0.05

0,2

mouse

PVN

Ore-ChR2:eYFP
MCH-Gq:mCherry
MCH-Cre

Oxt-Cre

Table 1 Overview of all the stereotaxic injections performed in this study
mg/mL, Euthanimal, Alfasan BV, The Netherlands). Animals were perfused with ice-cold 1x
Phospate Buffered Saline (PBS) pH 7.3, followed by ice-cold 4% paraformaldehyde (PFA) in
1x PBS pH 7.3. Brains were removed and incubated overnight in 4% PFA, then transferred
consecutively to 20% for 1 day and 30% sucrose solution (in 1x PBS) for 2 days. Brains were
snap-frozen by isopentane immersion and stored at -80°C. Coronal sections were sliced at
40µm thickness in a cryostat (Leica, Wetzlar, Germany).

Immunofluorescence
For cFos detection, free-floating sections from rat hypothalamus were incubated for 30
minutes at 60 degrees in Citrate Buffer (10mM Sodium Citrate, 0.05% Tween 20, pH 6.0),
followed by the general immunohistochemical protocol described next. Sections from the
rat and mouse hypothalamus or rat VTA were incubated with blocking solution (5% normal
goat serum (NGS), 5% normal donkey serum (NDS), 1% Triton X-100 in 1x PBS) for 1 hour
at room temperature (RT), followed by overnight incubation at 4 degrees with primary
antibodies (see Table 2) in carrier solution (1,5% NGS, 1,5% NDS, 0,25% Triton X-100 in 1x
PBS). Sections were then incubated with the secondary antibodies (see Table 2) in carrier
solution for 1 hour at RT and in DAPI (1:1000 in PBS 1x) for 15-30 minutes at RT. Between
all steps sections were washed 3 times for 5-10 minutes in PBS 1x. Sections were then
mounted on microscope glasses, let to dry and covered with Fluorsave (Calbiochem, San
Diego, CA, US).

Imaging and image analysis
For quantifications, pictures were taken at 20x magnification at a confocal microscope
(Olympus Fluoview FV1000, Olympus, Tokyo, Japan). Regarding MCH and GFP co-
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Antibody

Type

Concentration

Catalogue no.

Vendor

Experiment

rabbit anti-MCH

Primary

1/1000

M8440

Sigma-Aldrich,
St. Louis, MO, US

MCH-ChR2, MCHGq, MCH-Cre

chicken anti-GFP

Primary

1/750

ab13970

Abcam,
Cambridge, UK

MCH-ChR2, OreChR2, MCH-Cre,
Oxt-Cre

mouse anti-NeuN

Primary

1/1000

ab104224

Abcam,
Cambridge, UK

MCH-ChR2

rabbit antiOrexin A

Primary

1/1000

ab6214

Abcam,
Cambridge, UK

Ore-ChR2

rabbit antiOxytocin

Primary

1/1000

ab911

Milipore,
Burlington, MA,
US

Oxt-Cre

mouse antimCherry

Primary

1/1000

632543

Rockland,
Limerick, PA, US

MCH-Gq

guinea pig anticFos

Primary

1/500

226 004

Synaptic Systems,
Göttingen,
Germany

MCH-Gq

donkey antirabbit 647

Secondary

1/500

A31573

Life Technologies,
Carlsbad, CA, US

MCH-ChR2, MCHGq, MCH-Cre

goat anti-chicken
488

Secondary

1/500

ab150169

Abcam,
Cambridge, UK

MCH-ChR2, OreChR2, MCH-Cre,
Oxt-Cre

goat anti-mouse
405

Secondary

1/500

A31553

Life Technologies,
Carlsbad, CA, US

MCH-ChR2

goat anti-rabbit
568

Secondary

1/500

ab175471

Abcam,
Cambridge, UK

Ore-ChR2, Oxt-Cre

goat anti-mouse
568

Secondary

1/500

ab175473

Abcam,
Cambridge, UK

MCH-Gq

goat anti-guinea
pig 488

Secondary

1/500

A-11073

Life Technologies,
Carlsbad, CA, US

MCH-Gq

Table 2 Information about all the antibodies used in this study
localization analysis in the rat lateral hypothalamus, four sections with an interval of
0,2-0,3 mm ranging from -2,6 to -3,8 mm caudal to bregma (as indicated in [300]), were
selected from each animal. Regarding Orexin and GFP co-localization analysis in the
mouse hypothalamus, four sections with an interval of 0,2-0,3 mm ranging from -1,1 to
-2,2 mm caudal to bregma (as indicated in [146]), were selected from each animal. Cells
were manually counted using the Cell Counter plugin in ImageJ after blinding.
Specificity was defined as the percentage of eYFP+ cells that also stained for MCH or
the percentage of eYFP+ cells that also stained for orexin or the percentage of mCherry+
cells that stained for MCH. Efficiency was defined as the percentage of MCH+ cells that
stained for eYFP in the LH or the percentage of Orexin+ cells that stained for eYFP in the
hypothalamus or the percentage of MCH+ cells that stained for mCherry in the LH.
Regarding quantifications of intensity, regions of interest (ROIs) with the freehand selection
tool of ImageJ were created containing most of the soma of a cell, and mean intensity
within the ROIs was automatically measured.

Drugs
Clozapine-N-oxide (CNO; kindly provided by Bryan Roth and NIMH, Bethesda, MD, US
or purchased from AK scientific, Cat. No. AMTA056, Union City, CA, US) was dissolved in
sterile saline (0.9% NaCl). All injections were given intra-peritoneally (i.p.) in rats at 1 ml
per kg body weight.
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Injections of CNO in MCH-Gq:mCherry rats
Rats were administered with CNO i.p. at 1 mg/kg or Saline (0,9% NaCl) at 07:00 (start of
the light phase). Food and water was removed from the cages and 2 hours later rats were
sacrificed as described above.

Statistical analyses
Statistical analyses were performed with GraphPad Prism 7.0 (Graphpad Software, San
Diego, CA, US). Data was checked for normality and nonparametric tests were performed
when data did not follow a Gaussian distribution. Graphs of nonparametric data are
presented as median instead of mean, since mean is not the proper measure of the central
tendency of data with nonparametric distribution.
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Figure S1 A. Rat injected with MCH-ChR2:eYFP in the lateral hypothalamus at 3.0 x 10⁹ g.c.
per μL; co-staining of ChR2: eYFP (green) and MCH (red); LH=lateral hypothalamus; Scale
bars: low magnification pictures: 100 μm, high magnification pictures: 30 μm. B. Rat injected
with MCH-ChR2:eYFP in the lateral hypothalamus at 3.0 x 10⁹ g.c. per μL; co-staining of
ChR2: eYFP (green) and MCH (red), -3,7 mm caudal to bregma; C. Rat injected with MCHChR2:eYFP in the lateral hypothalamus at 0.1 x 10⁹ g.c. per μL; co-staining of ChR2:eYFP
(green) and MCH (red), -3,8 mm caudal to bregma; f=fornix, LH=lateral hypothalamus;
Scale bars: low magnification pictures: 200 μm, high magnification pictures: 30 μm.
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Figure S2 A. Rat injected with MCH-ChR2:eYFP in the VTA at 3.0 x 10⁹ g.c. per μL; costaining of ChR2:eYFP (green) and DAPI (blue); B. Rat injected with MCH-ChR2:eYFP in the
lateral hypothalamus at 3.0 x 10⁹ g.c. per μL; co-staining of ChR2: eYFP (green) and Orexin
(red); Scale bars: A) 500 μm, B) 50 μm
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Figure S3 A. Total eYFP+ cell counts in the lateral hypothalamus of rats after injections with
constructs MCH-ChR2:eYFP (ChR2), MCH-Cre& DIO-ChR2:eYFP (Cre) at various titers and
DIO-ChR2 (Ctl) (1.0 x 10⁹ g.c. per μL); B. Oxt-Cre injected in the PVN of Rosa26-LSL-YFP
mice; Left: titer of 0.8 x 10⁹ g.c. per μL, Right: titer of 0.05 x 10⁹ g.c. per μL; co-staining for
YFP (green) and Oxytocin (red); YFP expression in Oxytocin+ cells (white full arrows), YFP
expression in Oxytocin- cells (white empty arrows); Scale bars: low magnification pictures:
100 μm, high magnification pictures: 10 μm; Error bars represent mean±SEM.
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Kelsey, in this terrifying world,
all we have are the connections that we make.

Chapter 4

Abstract
Development of tools to manipulate activity of specific neurons is important for dissecting
the function of neural circuits. Viral vectors and conditional transgenic animal lines that
target recombinases to specific cells facilitate the successful manipulation and recording of
specific subsets of neurons. So far, it has been possible to target neuronal subtypes within
a certain brain region based on transcriptional control regions from a gene selectively expressed in those cells or based upon its projections. Nevertheless, there are only a few tools
available that combine this and target a neuronal subtype within a projection. We tested a
viral vector system, consisting of a canine adenovirus type 2 expressing a Cre-dependent
Flp recombinase (CavFlexFlp) and an adeno-associated viral (AAV) vector expressing a
Flp-dependent cDNA, which targets neurons in a subtype- and projection-specific manner.
As proof of principle we targeted expression of a Designer Receptor Exclusively Activated by Designer Drugs (DREADD) to the dopamine neurons of the mesolimbic projection,
which allows the transient activation of neurons by the ligand Clozapine-N-Oxide (CNO).
We validated that the system specifically targets dopamine neurons and that chemogenetic activation of these neurons induces an increase in locomotor activity. We thus validated
a valuable tool that allows in vivo neuronal activation in a projection- and subtype-specific
manner.

Page 103 | 188

4

Introduction
Investigating the roles of specific subsets of neurons in behavior is a major challenge in
neuroscience. To this end, several genetic tools have been developed for manipulation of
neuronal activity in vivo. Common tools for transient activation or inactivation of neurons
are opto-and chemogenetics. Optogenetics utilizes expression of light-sensitive ion channels which are selectively activated by light at a precise millisecond scale, causing neuronal
depolarization, thereby mimicking the physiological function of neurons through action
potentials [301]. Chemogenetics, on the other hand, allows for a longer-lasting but still
transient manipulation of neuronal activity, via expression of Designer Receptors Exclusively Activated by Designer Drugs (DREADDs). Mutated human muscarinic receptors are
the most commonly used DREADDs and are exclusively activated by designer drugs such
as Clozapine-N-Oxide (CNO), which - in most cases - are administered systemically to the
animals [34]. Chemogenetic tools are used to transiently activate or inhibit neurons and
determine their role in behavior or mimic physiological or pathological situations of general neuronal hyper- or hypo-activity.
The further development of genetic tools to more efficiently and specifically target neural
specific cells will help neuroscientists to gain knowledge about the role of specific neurons
in behavior and disease.
The most common strategy to express chemogenetic tools in the central nervous system (CNS) is to use viral vectors, such as the adeno-associated virus (AAV) as well as
viral vectors that allow retrograde transfer, such as canine adenovirus type 2 (Cav2)
[32], [302]–[304]. The development of the Cre/lox system has facilitated the successful
delivery and expression of these tools in either a subtype or projection-specific manner. For example, the combination of Cre-dependent DREADDs with the retrograde
viral vector Cav2-Cre injected in an output region permits projection- (but not subtype-) specific circuit manipulation [125], [305]. Instead, the delivery of Cre-dependent hM3D(Gq) DREADD in Cre-driver mouse or rat lines allows for the subtype-(but not
projection-) specific activation of neurons with CNO [89], [126], [288]. Since DREADDs
are also expressed in neuronal terminals, by using a subtype-specific system and locally
applying CNO with a cannula in the output region, it is possible to activate neuronal
subtypes in a subtype- and projection-specific manner [127], [306]. Nevertheless, this
technique is invasive to the animal - since it requires the placement of the cannula
-and is time-consuming due to the time it takes to deliver CNO compared to an i.p. injection. Finally, even though the location and spread of viral expression can be assessed
post-mortem, it is not possible to assess these parameters for drug delivery and there
is also a possibility of off-target activation of passing fibers of neurons that belong to
a different projection.
We aimed to further develop and validate a strategy that facilitates projection- and subtype- specific delivery of DREADD in neuronal subtypes. As a model system we targeted
ventral tegmental area (VTA) dopamine neurons that project to the Nucleus Accumbens
(NAc). We created a DREADD viral vector which we use in a double conditional system in
order to achieve projection- and subtype-specific activation. To this end, we used TH::Cre
rats, in which Cre recombinase is expressed in Tyrosine Hydroxylase neurons (a marker for
dopamine neurons in the VTA). In these rats we injected: 1) CavFlexFlp in the NAc, which
delivers the recombinase flippase (Flp) retrogradely in a Cre-dependent manner, thereby
expressing Flp in all TH+ neurons that project to NAc [307] and 2) a new Flp-dependent Gq-coupled DREADD (frt-hM3D(Gq):mCherry) in the VTA, which brings expression of
this DREADD in dopamine cells in the VTA>NAc projection. We assessed the ability of the
system to specifically target mesolimbic dopamine neuron sand tested the efficacy of the
system to manipulate behavior.
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Results
In order to achieve projection- and subtype-specific expression of transgenes, we utilized
a double conditional system comprising of a Cre-driver rat expressing Cre in tyrosine hydroxylase positive cells (TH::Cre), the retrograde virus CAV-FLExloxP-Flp (CavFlexFlp) in the
Nucleus Accumbens (NAc), which infects neurons at their terminals and expresses Flp only
in the presence of Cre, and an AAV virus expressing a transgene only in the presence of Flp
in the ventral tegmental area (VTA). In order to test this system’s specificity and efficiency,
we applied it to dopaminergic neurons of the mesolimbic projection and assessed histological and behavioral parameters.

Pilot testing of viral vectors
As a first step to test the system, we performed a series of pilot experiments to assess the
specificity of Flp-dependent transgene expression and to find the most efficient way to
target the VTA>NAc projection.
First, we created an rAAV5-frt-hM3D(Gq):mCherry (frt-DREADDq), a Flp-dependent DREADD receptor which allows transient activation of neurons when CNO is administered. This
virus was expressed when injected into the ventral hippocampus of parvalbumin (PV)-FlpO+/- mice but not in wild-type (PV-FlpO-/-) littermates (Figure 1a), therefore confirming
that it is expressed only in the presence of Flp recombinase.
In an effort to find the most efficient viral vector system to target VTA >NAc projection neurons, we tested novel tools that are known to increase retrograde transfer. Canine adenovirus
2 (Cav2) vectors are robustly used in neuroscience to target projections. Therefore, we injected
Cav2-Cre in the NAc and Cre-dependent lox-DREADDq in the VTA (Cav2-Cre). In a second
group of rats we aimed to increase Cav uptake by inducing expression of coxsackievirus and adenovirus receptor (CAR) in the neuronal terminals of the VTA>NAc projection, by injecting the
VTA with AAV-mCAR two weeks prior the injections of Cav2-Cre in the NAc and lox-DREADDq
in the VTA of rats (mCar/Cav2-Cre) [308]. Finally, in a third group of rats we injected Retro-Cre
(a virus expressing Cre packaged in the retro-AAV2 variant) [309] in the NAc and lox-DREADDq in the VTA (Retro-Cre). We compared the expression of DREADDq between these three
groups. Overall, we observed equal levels of expression of DREADDq in the mCar/Cav2-Cre
and Cav2-Cre groups and much lower levels in the Retro-Cre group (Figure 1b). Therefore,
using a Cav2 was the most efficient way in our hands to target the VTA>NAc projection in rats.
CavFlexFlp retrogradely delivers Flp in a Cre-dependent manner [307]. In order to assess
the specificity of this vector, we injected CavFlexFlp in the NAc and a previously established frt-KORD-mCitrine [310] into the VTA of TH::Cre rats. VTA TH+ (dopamine) neurons
stained for mCitrine with a specificity of 91,15% ± 0,95 (mean ± SEM, n=2, Figure1c).
We thus demonstrated the specificity of each of the vectors which we aimed to combine
in subsequent experiments.

Targeting VTA>NAc dopamine neurons with DREADDq
We next injected CavFlexFlp in the NAc and rAAV5- or rAAV8-frt-DREADDq in the VTA of
TH::Cre rats (n=2/group). We did not observe differences in expression between the two
serotypes, suggesting similar infection efficacy of the two different viral coats and therefore combined the results. 22,2% ± 0,6 of the total VTA TH+ neurons were targeted with a
specificity of 95,9% ± 0,8 (Figure 2A). In all subsequent experiments serotype 5 was used.
To further confirm the specificity of the viral vector system, we determined expression of
mCherry in the absence of either or both of the recombinases Cre (by using a non-transgenic
littermate) and Flp (by injecting saline instead of CavFlexFlp), the presence of which is essential for expression. We found no expression in all three control conditions (Figure 2b).
Next, we explored whether there is expression of DREADDq in the projection terminal
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Figure 1 Pilot testing of viral vectors A. PV-FlpO +/- and -/- mice were injected in the ventral
hippocampus with frt-DREADDq. Immunohistochemistry against mCherry (fused to DREADDq) showed expression of DREADDq in sections from ventral hippocampus of PV-FlpO+/- but
not of PV-FlpO-/- littermates. B. Rats were injected in the NAc and VTA with a combination
of Cav2-Cre and lox-DREADDq (Cav2-Cre) or Cav2-Cre and lox-DREADDq with AAV-mCAR
(mCAR/Cav2-Cre) or Retro-Cre and lox-DREADDq (Retro-Cre) respectively. Immunohistochemical detection of mCherry (fused to DREADDq) showed no difference in expression
levels between Cav2-Cre and mCAR/Cav2-Cre, whereas Retro-Cre brought lower levels of
mCherry expression. C. TH::Cre rats were injected with CavFlexFlp and frt-KORD-mCitrine
in the NAc and VTA respectively, so that VTA>NAc dopamine neurons would be targeted.
Immunohistochemistry against mCitrine (green) and TH (red) showed co-localization of the
mCitrine+ with TH+ neurons (white arrows). n.t.: needle tract; CA1: field CA1 of the hippocampus; DG: Dentate Gyrus; S: Subicculum
sites of mesolimbic dopamine neurons in the NAc. We found robust expression of mCherry
(fused to DREADDq) in the NAc core and shell (Figure 2c) as well as along the needle tract
in the dorsomedial part of the striatum (not shown).
Moreover, we examined two more major output sites of VTA dopamine neurons: the medial prefrontal cortex (mPFC) and basolateral amygdala (BLA) in order to assess if VTA>NAc
dopamine neurons make collaterals to these regions [122], [124]. We found fewer or no
DREADDq+ fibers in the mPFC and BLA respectively, in TH::Cre rats injected with frt-DREADDq and CavFlexFlp in the VTA and the NAc respectively (VTA>NAc DA) compared to
TH::Cre rats injected with DIO-Gq in the VTA (VTA DA) (Figure 2d).
Considering that dopamine neurons form a subpopulation of the VTA>NAc projection,
we expected that fewer neurons would express DREADDq when targeting the VTA>NAc
DA projection compared to targeting the VTA>NAc projection. In a pilot experiment, we
found that in TH::Cre rats injected with CavFlexFlp in the NAc and frt-DREADDq in the
VTA (VTA>NAc DA), the total number of DREADDq+ neurons in the VTA was 645 ± 51
(mean±SEM, n=2). In Long-Evans rats injected with Cav2-Cre in the NAc and lox-DREADDq in the VTA (VTA>NAc), 661,5 ± 74,25 (mean±SEM; n=2) DREADDq+ neurons were
counted in the VTA. To further investigate whether there is a difference in expression levels,
we measured DREADDq expression in larger groups of animals, by quantifying intensity
of mCherry, which is fused to DREADDq. We found no difference in DREADDq expression levels between VTA>NAc DA and VTA DA groups (unpaired t-test; t(25)=0,4093, p=
.6858, Figure 2e). Therefore, we concluded that targeting neurons at a subtype- and projection-specific level was as efficient as targeting neurons at a projection-specific level.

Activation of VTA>NAc DA neurons increases locomotor activity
Next, we aimed to investigate the efficiency of the system to manipulate behavior. Chemogenetic activation of VTA DA neurons or VTA>NAc neurons leads to locomotor hyperactivity [125], [126]. Therefore, we used locomotor activity as an outcome measure in order
to assess the efficiency of the system to drive behavior.
We injected CavFlexFlp and frt-DREADDq into the NAc and VTA of TH::Cre+/- rats, respectively (n=13, Gq group). As controls we used TH::Cre-/- rats (n=5, Cre- group) as well as
TH::Cre+/- rats injected instead with frt-mCherry (n=4, Gq- group). After at least 5 weeks, we
measured the distanced moved in 2 hours after CNO and vehicle i.p. administration.
There was no effect of CNO administration on locomotor activity in neither the Cre- group
(Friedman test; χ2(5)=0.4, p= .9537) or the Gq- group (Friedman test; χ2(4)=4.5, p= .1250).
Therefore, we merged the two groups in order to increase the power in subsequent analyses
(n=9, Ctl group).
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Figure 2 Targeting VTA>NAc dopamine neurons with DREADDq. A. TH::Cre+/- rats were injected in the NAc and VTA with CavFlexFlp and frt-DREADDq respectively. Co-staining for
mCherry (fused to DREADDq, red) and TH (green), showed co-localization (white arrows), with
22,2% ± 0,6 of the total VTA TH+neurons targeted (% mCherry+TH+ / total TH+) and specificity
of 95,9% ± 0,8 (% mCherry+TH+ / total mCherry+). B. TH::Cre-/- rats were injected with frt-DREADDq in the VTA (Cre-Flp-) or with CavFlexFlp in the NAc and frt-DREADDq in the VTA (CreFlp+); TH:Cre+/- rats were injected with frt-DREADDq in the VTA (Cre+Flp-) or with CavFlexFlp in
the NAc and frt-DREADDq in the VTA (Cre+Flp+); Immunohistochemical detection of mCherry
(fused to DREADDq) showed no expression of DREADDq in Cre-Flp-, Cre-Flp+ and Cre+Flp- rats,
whereas in Cre+Flp+rats DREADDDq was expressed in the VTA. C. Fibers positive for mCherry
(red) were detected in the NAc shell and core, where TH+ fibers are also detected (green) in
TH::Cre+/- rats injected in the NAc and VTA with CavFlexFlp and frt-DREADDq respectively. D.
In TH::Cre+/- rats injected in the VTA with lox-DREADDq (VTA DA) fibers positive for mCherry
(fused to DREADDq) were detected in the mPFC and the BLA (panels on the right), whereas in
TH::Cre+/- rats injected in the NAc and VTA with CavFlexFlp and frt-DREADDq respectively few
or no mCherry+ fibers were detected in the mPFC and the BLA respectively (panels on the left).
E. Expression levels of DREADDq were measured by quantification of mCherry intensity (as
mean fluorescent intensity - mfi) in TH::Cre+/- rats injected in the NAc and VTA with CavFlexFlp
and frt-DREADDq respectively (VTA>NAc DA) and TH::Cre-/- rats injected in the NAc and VTA
with Cav2-Cre and lox-DREADDq respectively (VTA>NAc). No difference was found between
VTA>NAc DA and VTA>NAc targeting (unpaired t-test; t(25)=0,4093, p= .6858); Data represented as mean ± SEM; ns: not significant; Cpu: Caudate putamen; AcbC: Accumbens nucleus,
Core; AcbSh: Accumbens nucleus, Shell; aca: anterior comissure; PrL: Prelimbic cortex; IL: Infralimbic cortex; VO: Ventral Orbital cortex; BLA: Basolateral Amygdaloid nucleus, anterior; BLV:
Basolateral Amygdaloid nucleus, ventral; mfb: medial forebrain bundle.

Activation of mesolimbic dopamine neurons with CNO (at 0.3 and 1.0 mg/kg) significantly increased distance moved in 2 hours after injection in the Gq group (Friedman test;
χ2(13)=0.333, p= .0002; Dunn’s multiple comparisons post-hoc test: Saline vs CNO 0.3 mg/
kg p= .0004; Saline vs CNO 1.0 mg/kg p= .0017), whereas CNO had no effect in the Ctl
group (Friedman test; (χ2(9)=1.556, p= .5690) (Figure 3).

Discussion

We here assessed a novel tool that targets and allows to transiently activate neurons in
a subtype- and projection-specific manner. We demonstrate that the combination of
CavFlexFlp with AAV-frt-DREADDq specifically targets mesolimbic dopamine neurons in
TH::Cre rats. We also show that CNO increases locomotor activity, showing that sufficient
numbers of mesolimbic dopamine neurons were brought under chemogenetic control using this strategy.
In particular, we created a Flp-dependent hM3D(Gq) DREADD which is only expressed in
the presence of Flp recombinase (Figure 1a). Next, we assessed which is the most efficient
viral vector to target the VTA>NAc projection.
Cav2 viruses use coxsackievirus and adenovirus receptors (CAR) in neuronal terminals
to infect neurons. Therefore, enhancing expression of CAR may enhance Cav2 tropism,
resulting in higher expression of DREADDq. To this end, we targeted the VTA>NAc projection with Cav2-Cre in the NAc and a combination of AAV-mCAR and lox-DREADDq in
the VTA [308]. We did not observe differences in expression of DREADDq after targeting
mCAR in the VTA compared to just injecting Cav2-Cre in the NAc, suggesting that VTA
dopamine neurons are sensitive enough to be infected by Cav and infection is not further
increased by expressing CAR. Another tool for retrograde delivery is a retro-AAV2 carryPage 109 | 188
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Figure 3 Activation of VTA>NAc DA neurons increases locomotor activity. Gq rats were
TH::Cre+/- rats injected in the NAc and VTA with CavFlexFlp and frt-DREADDq respectively
(n=13); Ctl rats were either TH::Cre+/- rats injected in the NAc and VTA with CavFlexFlp and
frt-mCherry respectively or TH::Cre-/- rats injected in the NAc and VTA with CavFlexFlp and
frt-DREADDq respectively; CNO administration did not increase locomotor activity in Ctl
rats (Friedman test; χ2(9)=1.556, p= .5690, Figure 3), whereas CNO significantly increased
locomotor activity in Gq rats (Friedman test; χ2(13)=0.333, p= .0002; Dunn’s multiple comparisons post-hoc test: Saline vs CNO 0.3 mg/kg p= .0004; Saline vs CNO 1.0 mg/kg p=
.0017); Data represented as median with interquartile range; **P<0.01, ***P<0.001.
ing Cre recombinase [309]. We injected Retro-Cre in the NAc and lox-DREADDq in the
VTA and observed that Retro-Cre was less efficient than the previous tools to target the
VTA to NAc projection in rats (Figure 1b). This data shows that Cav2 is the most efficient
way to target the VTA>NAc projection in rats, without the need for a prior injection with
AAV-mCAR.
Next, we expressed DREADDq in the dopamine neurons of the VTA>NAc projection by
targeting the VTA with frt-DREADDq and the NAc with retrograde Cre-dependent Flp
(CavFlexFlp) in TH::Cre rats, and showed that DREADDq is only expressed when both Cre
and Flp are present (Figure 2b). We also show that terminals in the NAc express DREADDq
using this strategy (Figure 2c). We found no expression of DREADDq in the BLA, showing
that the dopamine neurons targeted in this study do not make collaterals to this region.
Moreover, we found very low expression in the mPFC which might be collaterals, but we
cannot exclude that this was caused by spread of CavFlexFlp (Figure 2d). Even though
this is not a major finding, we confirmed previous studies that mostly show that VTA>NAc
dopamine projection neurons do not make collaterals to PFC or BLA [122], [124]. Nevertheless, we cannot exclude the possibility that there might be collaterals to the regions
investigated or other regions in the brain [311]. However, it is beyond the aims of this study
to investigate this further.
In our hands, we did not find a difference in DREADDq expression levels between
VTA>NAc and VTA>NAc DA targeting, despite the fact that dopamine neurons constitute
around 80% of the VTA>NAc projection (Figure 2e). This suggests that efficacy to target
specifically dopamine neurons in the VTA>NAc projection is not compromised when two
recombinases (Cre and Flp) rather than one (Cre) need to be active to achieve proper
recombination.
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Dopamine-specific expression of DREADDq in the midbrain, as well as VTA>NAc expression of DREADDq drives CNO-induced locomotor activity [125], [126], [312]. While our
work was in preparation, it was shown that chemogenetic deactivation of VTA>NAc DA
neurons in TH-Cre mice, after injection of CavFlexFlp in the NAc and Flp-dependent hM4D(Gi) in the VTA, results in reduction in cocaine-induced hyperlocomotion [313]. In line
with this, we found that chemogenetic activation of VTA>NAc DA neurons in rats induced a
hyperactive phenotype. In particular, administration of CNO increased locomotor activity
around 2-fold compared to Saline in the Gq (VTA>NAc DA) group but not in the control
group (Figure 3). The 2-fold increase in locomotor activity is at a similar magnitude with
the increase observed in Boender et al. [125], when projection-specific (VTA>NAc) activation was induced. Nevertheless, Boekhoudt et al. [126] observed a 7-fold increase when
activating either VTA DA or VTA>NAc neurons at the same CNO doses as we used. One
explanation for why we did not observe such an increase is that during VTA DA activation more populations of DA neurons contribute to the hyperactive phenotype. Secondly,
the additional activation of GABA neurons, which constitute around 20% of the VTA>NAc
projection, might contribute to the higher increase in locomotor activity when VTA>NAc
neurons are chemogenetically activated. Another explanation might be that Boekhoudt et
al. tested locomotion in the homecage, in which the baseline locomotion was already at
lower levels when testing, whereas we tested the effect of CNO activation in a more novel
environment, with 30 minutes habituation prior to injection. Finally, the lower magnitude
of increase that we observed might be due to lower efficiency of the system to target neurons. We injected frt-DREADDq in the VTA at lower titers (2,5-5 x 1012 g.c./mL ) compared
to the titers of lox-DREADDq injected by Boekhoudt et al. (6,4-8x1012 g.c./mL). The lower
amount of genomic copies might explain a lower efficiency of expression. In the future,
in order to target more neurons, higher titers of frt-DREADDq could be applied but with
caution, because specificity could be compromised.
In conclusion, we tested and validated cell-type and projection-specific systems to transiently activate neurons and study behavior. We showed that combining CavFlexFlp and
AAV-frt-DREADDq in TH::Cre transgenic rats specifically targets VTA>NAc dopamine neurons and that activation by CNO increases locomotor activity. The usefulness of this strategy remains to be determined for other VTA dopamine projections. This system has great
potential to be applied in a variety of Cre-transgenic lines to target, record and manipulate
the activity of specific cell-types in different projections. Increasing the efficiency of the
system might be achieved by increasing titers and using more efficient tools for retrograde
delivery.

Materials and Methods
Animals

Adult TH::Cre (+/-) and (-/-) rats on a Long-Evans background (provided by K. Deisseroth
[314]) and adult Pvalb-2A-FlpO-D (+/-) and (-/-) mice (022730, Jackson laboratories) on a
C57Bl/6J background were used. Male and female animals that were used for immunohistochemical assessment only were housed socially and kept under a normal 12:12 hr lightdark cycle with lights off at 19:00. For behavior experiments male rats were housed individually and kept under a reverse 12:12 hr light-dark cycle with lights off at 07:00. All animals
were kept at room temperature (21 ± 2ºC) and 40-60% of humidity conditions. They were
provided with chow and water ad libitum. All experiments were approved by the Animal
Ethics Committee of Utrecht University and conducted in agreement with Dutch laws (Wet
op de Dierproeven, 1996; revised 2014) and European regulations (Guideline 86/609/EEC;
Directive 2010/63/EU).

Plasmid construction and Viruses
Plasmids pAAV-EF1a-DIO-hM3D(Gq)-mCherry and pAAV-hSyn-dF-HA-KORD-IRES-mCitPage 111 | 188
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rine (pAAV-frt-KORD-mCitrine), gifts from Bryan Roth (Addgene plasmids #50460 and
#65417), were digested with restriction enzymes AscI and NheI and hM3D(Gq):mCherry
insert and pAAV-hSyn-dF backbone were ligated to generate plasmid pAAV-hSyn-frt-hM3D(Gq):mCherry. PCR with forward primer 5’-GCTAGCATGGTGAGCAAGGGCGAG-3’ (Additional AscI restriction site on 5’ end) and reverse primer 5’-GGCGCGCCTTACTTGTACAG-3’ was performed on pAAV-EF1a-DIO-hM3D(Gq)-mCherry, the product was ligated
into pGEMT.easy (Promega) and after restriction digest with AscI and NheI the mCherry
insert was ligated into backbone pAAV-hSyn-dF, to generate plasmid pAAV-hSyn-frtmCherry. The sequence of the constructs was confirmed with Sanger sequencing. Plasmid pAAV-hSyn-DIO-mCarMyc_f-ChetaHA_r (pAAV-mCAR) was provided by Shujing Li
[308].
Serotype 5 AAV viruses were generated as described earlier [315], except that the
vectors pAAV-hSyn-frt-hM3D(Gq):mCherry, pAAV-hSyn-frt-mCherry, pAAV-frt-KORDmCitrine and pAAV-mCAR were co-transfected with the pDP5 plasmid [299] at a molar
ratio of 1:1, resulting in AAV vectors rAAV5-hSyn-frt-hM3D(Gq):mCherry (frt-DREADDq), rAAV5-hSyn-frt-mCherry (frt-mCherry), rAAV5-frt-KORD-IRES-mCitirine (frtKORD), rAAV5-mCAR (AAV-mCAR). Serotype 8 virus was generated by co-transfecting
plasmids pAAV-hSyn-frt-hM3D(Gq):mCherry, pAR-8 (provided by M. Sena Esteves) and
pXX-680 (provided by R. Samulski [316]), at a molar ratio of 1:1:1 to create vector
rAAV8-hSyn-frt- hM3D(Gq):mCherry. The plasmid pAAV-EF1a-Cre (gift from Karl Deisseroth, addgene plasmid # 55636) was co-transfected with the plasmid pAAV2-retro
helper (gift from Alla Karpova & David Schaffer, addgene plasmid # 81070) and plasmid pXX-680 at a molar ratio of 1:1:1 to create vector retro-AAV2-Cre (Retro-Cre).
Titer of viruses was determined using real-time PCR (qPCR) with primers binding on
the wPRE element or mCherry. CAV-FLExloxP-Flp (CavFlexFlp) and Cav2-Cre were purchased from IGMM, Montpellier, France and rAAV5-hSyn-DIO-hM3D(Gq):mCherry
(lox-DREADDq) was purchased from UNC Vector Core and Addgene (Addgene viral
prep # 44361-AAV5).

Stereotaxic surgeries
All viruses were injected on the same day, except for rAAV5-mCAR, which was injected
2 weeks prior to the rest of the viruses. Rats were anesthetized with an intramuscular
injection of hypnorm (0.315 mg/kg fentanyl and 10 mg/kg fluanisone, Janssen Pharmaceutica, Beerse, Belgium). Mice were anesthetized with ketamine (75 mg/kg, Narketan)
and medetomidine (1 mg/kg, Seda Start). Animals were placed on a stereotaxic apparatus (David Kopf Instruments, Tujunga, USA or Configuration Stereotaxic, SGL Manip 18
deg. - 68U801, UNO, The Netherlands) and a small incision was made along the midline
of the skull. Viruses were injected using a 34G stainless steel needle connected to 10ul
Hamilton syringe at a rate of 0.2 uL/min. In PV-FlpO mice, 1 uL of rAAV5-hSyn-frt-hM3D(Gq):mCherry (2 × 1012g.c./ml ) was injected into the ventral hippocampus (-3.50 mm
anteroposterior (AP), ±2.90 mm mediolateral (ML) from Bregma, and −4.70 mm dorsoventral (DV) from the skull, no angle). In rats, 0,3-1 μl of CAV-FLExloxP-Flp (2.8 × 1012g.c./
ml) or Cav2-Cre or retroCre (2 × 1012g.c./ml) or saline (0,9% NaCl) were bilaterally injected into the NAc (+1.20 mm anteroposterior (AP), ±2.80 mm mediolateral (ML) from
Bregma, and −7.50 mm dorsoventral (DV) from the skull, at an angle of 10°) and rAAV5mCAR or rAAV5-hSyn-frt-KORD-IRES-mCitrine or rAAV5-hSyn-DIO-hM3D(Gq):mCherry
(2 × 1012g.c./ml) or rAAV5-hSyn-frt-hM3D(Gq):mCherry or rAAV5-hSyn-frt-mCherry (2,55 × 1012g.c./ml) into the VTA (−5.60 mm AP, ±1.30 mm ML from Bregma, and −8.20 mm
DV from the skull, at an angle of 5°). After injection, the needle was maintained at its
injection position for 15 min. After surgery, carprofen was administered for pain relief (5 mg/kg per day for 3 days, subcutaneous (s.c.)) and saline (1ml/100gr in rats and
0.4ml/10gr in mice, once, s.c.).
Page 112 | 188

Chapter 4

Histology
Mice used in figure 1A were perfused 2 weeks after surgery. Rats used in figures 1B, 1C, 2A,
2B, 2D were perfused 7, 4, 5, 7 and 7 weeks after the last surgery respectively. Rats used in
figure 2E were from various experiments and they were perfused 7 to 17 weeks after surgery, timepoints balanced between groups. Animals were sacrificed with a sodium pentobarbital overdose (200 mg/mL, Euthanimal, Alfasan BV, The Netherlands). Animals were
perfused with ice-cold 1x phosphate buffered saline (PBS) pH 7.3, followed by ice-cold 4%
paraformaldehyde (PFA) in 1xPBS pH 7.3. Brains were removed and incubated overnight in
4% PFA, then transferred consecutively to 20% for 1 day and 30% for 2 days sucrose solution in 1x PBS. After the brains had sunk in the sucrose solution, they were snap-frozen by
isopentane immersion and stored at -80°C. Coronal sections were sliced at 40µm thickness
in a cryostat (Leica, Germany).

Immunohistochemistry
Sections were blocked with 10% normal goat serum (NGS), 1% Triton X-100 in 1x PBS,
followed by overnight incubation with primary antibodies (1:500 mouse anti-TH, MAB318,
Milipore; 1:750 rabbit anti-dsRed, 632496, Clontech; 1:500 rabbit anti-TH, Ab152, Milipore; 1:1000 chicken anti-GFP, ab13970, Abcam) in 3% NGS, 0,25% Triton X-100 in 1x
PBS. Sections were incubated with the secondary antibodies (1:500 goat anti-mouse
488,ab150113, Abcam; 1:500 goat anti-rabbit 568,ab175471, Abcam; 1:500 goat anti-chicken 488, ab150169, Abcam) for 1 hr at room temperature and DAPI (1:1000 in PBS
1x) for 15’. Between all steps, sections were washed 3 times for 5-10 minutes in PBS 1x.
Sections were then mounted on microscope glasses, let to dry and covered with Fluorsave
Reagent (345789, Calbiochem).

Imaging and image analysis
For quantifications of specificity and efficiency, pictures were taken at 20x magnification at
a confocal microscope (Olympus Fluoview FV1000, Olympus, Japan). Cells were manually
counted using the Cell Counter plugin of ImageJ. For intensity analysis, 10x magnification
pictures were taken with an epi-fluorescent microscope (Zeiss Scope A1, ZEISS, Germany).
Intensity was measured on ImageJ and background fluorescence was subtracted. All images within a figure part (e.g. in 1C) were taken with the same exposure and brightness and
contrast were altered in the same levels.

Drugs
Clozapine-N-oxide (CNO; kindly provided by Bryan Roth and NIMH or purchased from AK
scientific Cat. No. AMTA056) was dissolved in sterile saline (0.9% NaCl). All injections were
given intra-peritoneally (i.p.) at 1 ml per kg body weight, and CNO solution was kept at 4°C
in between injections, for a maximum of one week.

Locomotor activity
At 4 weeks after surgery rats were acclimatized for 1 hour to PhenoTyper® 9000 cages (Noldus
IT, Wageningen, the Netherlands), 43×43×90 cm, equipped with infrared video cameras in the
top to monitor locomotor activity, and to intraperitoneal (i.p.) injections with sterile saline
(0.9% NaCl) for at least two times before starting with testing. Behavioral testing started at least
5 weeks after surgery, to allow virus expression to reach its maximum. On the day of the testing,
at 10:00 or 13:00 (counterbalanced between groups), rats were habituated to the PhenoTyper cages for 30 minutes, injected i.p. with CNO or vehicle (saline) counterbalanced between
groups and locomotor activity was recorded for 2 hours after injections. The test was repeated
48 hours after the first test day and rats that previously received CNO, now received saline and
vice versa. Locomotor activity was recorded at 25 samples per second, and was analyzed with
EthoVision XT11.5 (Noldus IT, Wageningen, the Netherlands). Movement tracks of the animals’
centre point were smoothed by locally weighted scatterplot smoothing.
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Statistical analyses
Statistical analyses were performed with GraphPad Prism 7.0 and IBM SPSS version 13.
Data was checked for normality and non-parametric tests were performed when data did
not follow a Gaussian distribution. Rats with unilateral or no expression were excluded
from analysis of locomotor activity.
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APPENDIX I

Background
Neurons expressing Melanin-Concentrating Hormone (MCH), localized in the lateral hypothalamus (LH), are major players in the regulation of energy balance by maintaining a
positive energy homeostasis. Acute intracerebroventricular (i.c.v.) administration of MCH
increases food and water intake [317], [318] and chronic administration or MCH overexpression leads to an increase in body weight and hyperphagia [319]. Transient activation of
MCH neurons with chemogenetics leads to either no effect [66] or increase in food intake
via MCH release into the cerebrospinal fluid [86]. Moreover, MCH neurons reduce energy
expenditure by decreasing locomotor activity [66], [320].
It seems that MCH excitation plays an important role in driving food intake and lowering
activity. But also the cAMP pathway could be important in the role of MCH neurons in
feeding: an indicator of the cAMP pathway, phosphorylated cAMP response element-binding protein (pCREB), is upregulated in MCH neurons after fasting [321] and during meal
[322]. In order to understand better the underlying mechanisms that drive MCH neuron’s
involvement in energy balance, we aimed to answer what is the influence of different MCH
neuron manipulations on basic aspects of homeostatic behavior: food intake, water intake
and locomotion. We investigated this using three MCH promoter-driven DREADDs, each
one for a different manipulation: hM3D(Gq) for increased excitability, rM3D(Gs) for activation of the cAMP pathway and hM4D(Gi) for inhibition of neuronal firing and cAMP.
Moreover, MCH neuronal activity changes after novel object presentation and immobilization stress [323] but it is not known how the activity changes during food presentation
or during food and caloric intake. Since fasting increases MCH levels[64] and MCH neuron activation increases food intake through MCH release [86], we hypothesized that MCH
neuron activity is high before feeding and decreases during feeding, swiftly or gradually. In
order to explore this, we created an AAV carrying MCH promoter and GCAMP6s, a calcium
indicator protein that facilitates the recording of neuronal activity with fiber photometry,
and recorded MCH neuronal activity in mice during caloric intake (sucrose licking task),
novel object presentation and chow presentation.

Materials & Methods

In Chapter 3 we optimized viral vector delivery with the rat MCH promoter [84] driving
expression of hM3D(Gq) [MCH-Gq]. Using this construct as template we cloned the hM4D(Gi),rM3D(Gs) and GCAMP6s coding sequences downstream the MCH promoter and
packaged them in serotype 5 AAVs [MCH-Gi, MCH-Gs and MCH-GCAMP6s]. Stereotaxic
injections are described in detail in the Methods section of Chapter 3. In brief, DREADD viral vectors (Gq: n=4, Gs: n=8, Gi: n=4) were injected bilaterally in the LH of rats as described
in Chapter 3 at titers of 0.1-0.3 x 109 g.c. per uL in 0.5-1 μL. Mice (n=8) were injected
with 0.5μL of MCH-GCAMP6s bilaterally in the LH at 0.6 x 109 g.c./μL and custom-made
implants, consisting of 400μm optical fibers (FP400URT, Thorlabs, Newton, NJ, USA) and
440-450 μm bore stainless steel ferrules (MM-FER2006SS-4400, Precision Fiber Products,
Chula Vista, CA, USA) were bilaterally implanted using the same coordinates.
Rats were habituated to PhenoTypercages for 3 days and received CNO (1 mg/kg) or Saline
i.p. every 48 hours counterbalanced between groups and testing days. Locomotor activity
was tracked for 24 hours after injection (see Chapter 4 for recording info) and chow and
water were weighed manually at 1, 2, 4, 8 and 24 hours post injection (Figure 1a). The
fiber photometry setup and sucrose-licking task performed in MCH-GCAMP6s mice are
described in detail in [127], [324] (Figure 2a). For the sucrose licking task, mice were kept at
85-90% of weight by food restriction and trained at the task. After successful training, mice
were recorded twice (left and right implant) for approximately 20 trials and the photometry signal was time-locked to the start of the tone or to the first lick after the tone.For the
novel object presentation task, the patch cable was attached to the animal and the animals
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Figure 1 Effect of CNO activation of DREADDs in MCH neurons on food, water intake and
locomotion. A. Rats were injected in the LH with MCHpr-Gq, Gs or Gi. Food, water intake and
locomotion were assessed at 1, 2, 4, 6, 8 and 24 hours after administration of CNO at 1 mg/kg.
B. CNO injection significantly increased food intake in the Gs group (p=0.045) and did not affect
food intake in the Gq (p=0.349) or Gi group (p=0.122). C. CNO injection did not affect water
intake in the Gs (p=0.182), Gq (p=0.109) or Gi group (p=0.071). D. CNO injection did not affect
locomotor activity in the Gs (p=0.606), Gq (p=0.132) or Gi group (p=0.632). Cumulative data of
food intake of the Gs group are represented as median ± interquartile range, all other cumulative
data as mean ± SEM, AUC data as mean. Paired t-test; *p<0.05.

were habituated to empty cages for 10 minutes. Next, the photometry signal was recorded
for 2 minutes, after which a novel object (empty salt container) was introduced and the
signal was recorded for 6 more minutes, after which the object was removed. The chow
presentation task followed immediately: 5 minutes of habituation, 2 minutes of baseline
recording, introduction of a chow pellet and subsequent 6-minute recording. The photometry signal was time-locked to novel object presentation, novel object area entry and chow
presentation.

Results & Discussion

Chemogenetic manipulation of MCH neurons and effects on food, water
intake and locomotion
We tested the effect of excitation [Gq], inhibition [Gi] and activation of the cAMP pathway
[Gs] in MCH neurons in rats by administrating CNO at 1 mg/kg on food intake, water intake
and locomotion at various timepoints after injection (Fig. 1a).
In the Gs group, CNO injection increased food intake over 24 hours compared to saline
injection (paired t-test of AUC; n=8; t(7)=-2.432, p=0.045; Fig. 1b - left). When further analyzed at individual timepoints with a Wilcoxon signed rank test or paired t-test with Bonferroni correction, no significant effects of CNO injection were found. CNO injection did not
affect food intake in neither the Gq (paired t-test of AUC; n=4; t(3)=-1.108, p=0.349; Fig.
1b - middle) and Gi group (paired t-test of AUC; n=4; t(3)=-2.141, p=0.122; Fig. 1b - right).
Water intake data from 1 animal of the Gq group was excluded because it was a severe
outlier. No effect of CNO injection on water intake was observed in the Gs (paired t-test of
AUC; n=8; t(7)=-1.481, p=0.182; 1c - left), Gq (Wilcoxon signed rank test; n=3; Z=-1.604,
p=0.109; Fig. 1c - middle) or Gi group (paired t-test of AUC; n=4; t(3)=2.743, p=0.071; Fig.
1c - right). CNO injection did not significantly affect locomotor activity in the Gs (paired
t-test of AUC;n=8; t(7)=0.540, p=0.606; 1d - left), Gq (paired t-test of AUC;n=4; t(3)=2.057, p=0.132; 1d - middle) or Gi group (paired t-test of AUC;n=4; t(3)=0.532, p=0.632;
1d - right).
For water intake, the water bottles seemed to be leaking more during manual weighing
on the first test day than on the second test day, which is reflected by a statistically significant effect of test day on water intake (t(13)=3.216, p=0.007; not shown) when comparing
only saline data between days. Food intake was not significantly affected by the test day
(t(14)=0.060, p=0.953; not shown) neither was locomotor activity (t(14)=1.177, p=0.259;
not shown). Thus, especially the results of water intake of the Gq and Gi group should be
interpreted with caution. Moreover, specificity of DREADD transduction was assessed and
whereas MCH-Gs and MCH-Gq specifically transduced MCH neurons (not shown), MCH-Gi
led to very high off-target expression, also in regions where no MCH cells are found (not
shown). Finally, due to a randomization mistake, the CNO and saline injections in the Gq
and Gi group were not counterbalanced across test days. Therefore, due to these issues
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and the low sample size of the Gq and Gi group, all results from the Gq and Gi group and
water intake data from all groups should be assessed with caution. Since there were no
clear trends for effects, we decided to discontinue these experiments.
In previous studies, chemogenetic activation of MCH neurons with Gq increased [86] or
did not affect food intake and decreased locomotor activity [66]. However, we could not
recapitulate these effects, possibly due the issues mentioned above. In the Gs group, CNO
injection did not affect water intake or locomotor activity, but increased food intake over
24 hours (Fig. 1b - left), in accordance with our expectation that manipulations of the
cAMP pathway would affect food intake; pCREB, an indicator of the cAMP pathway, is
upregulated in MCH neurons after fasting [321] and during meal [322]. This result indicates
that the cAMP pathway is involved in the effect of MCH neurons on food intake.

MCH neuron activity during sucrose licking, novel object and chow
presentation tasks
In order to record activity from MCH neurons during behavioural tasks, an AAV containing
MCHpr-driven GCaMP6s was injected into the LH of 8 mice, of which one died after surgery. Of the remaining 7 mice, 2 were perfused after behavioural tasks to check GCaMP6s
expression and placement of the optical fiber (Figure 2a).
During the sucrose licking task the GCaMP6s signal was time-locked to the start of the
tone (Fig. 2b - left) and to the first lick after the tone (Fig. 2b - right). Before and after the
tone, a small decrease in signal is visible except for during the tone, when the signal seems
to minimally increase. During the first lick, there is a small peak in activity after which the
GCaMP6s signal slowly decreases.
Next, the novel object presentation task was performed in an attempt to replicate results
from a previous study recording GCaMP activity from MCH neurons [323]. In this task, animals were first habituated to the cage and the signal was measured 2 minutes before to 6
minutes after novel object presentation (Fig. 2a). The signal was time-locked to the novel
object presentation (Fig. 2c - left) or to every time the animal approached the novel object
(novel object area entry; Fig. 2c - right). Directly after this, the chow presentation task was
performed, which has yielded results before in AgRP and POMC neurons [325]. The signal
was locked to chow presentation (Fig. 2d). After both novel object and chow presentation,
there was a small decrease in activity. No change in activity was observed after novel object
area entry. Due to the low number of rats, there was not enough power to justify a statistical analysis for these pilot experiments. All activity changes discussed above are on a small
scale, thus we cannot conclude withcertainty that these effects are meaningful changes or
artefacts due to, for example, bleaching.
The fact that we could not replicate results from previous studies of MCH activity recording,
could be due to a different photometry setup, not sufficient expression of GCAMP6s or
not proper placement of the fiber. Expression was assessed qualitatively and found to
be specific to MCH neurons (Fig. 2a). However, fiber placement could not be sufficiently
assessed due to damage of the sections during free-floating immunofluorescent staining.
Remarkably, we did see a very small decrease of the GCaMP signal in almost all tasks.
Although the isobestic channel should correct for motion artefacts and bleaching, the
possibility exists that the correction was not sufficient and that bleaching occurred anyway.
Another possibility is that there is actually a small gradual decrease in activity of MCH
neurons throughout the dark phase. Several studies suggest that MCH levels peak at the
beginning of the dark phase [326] and consecutively decrease during the dark phase [327].
Thus, the small activity decrease that we see could be the result of a possible circadian
regulation of MCH neuron activity.
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Figure 2 Recording of neuronal activity of MCH neurons during several behavioural tasks. A. Left:
Mice were injected in the LH with MCHpr-GCAMP6s. Middle: Image taken with epifluorescence
microscope (5x magnification) of the area of GCaMP6s expression at the position of the optic
fiber. Right: Schematic timeline of the sucrose licking (B), novel object presentation and chow
presentation task. The chow presentation task was performed immediately after the novel object
presentation task. N.o.: novel object. B. GCaMP6s signal (n=7) during sucrose licking task timelocked to the start of the tone (Left) and the first lick after the tone (Right). C. GCaMP6s signal
(n=7) during novel object presentation task time-locked to novel object presentation (Left), novel
object area entry (Right). D. GCaMP signal (n=7) during the chow presentation task time-locked
to chow presentation.
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Background
Development of promoter-driven AAV constructs can be challenging because of the plethora of available promoters as well as cDNAs. To this end, we used the Gateway recombination technology in order to create AAV viral vectors with neuropeptide promoters in order
to target distinct cell populations in the hypothalamus. With multisite Gateway technology,
one can combine from 2 to 4 DNA fragments of choice in a common destination vector,
with specific orientation and order (3 fragments/elements in our case). To this end, the
fragments of choice are amplified with PCR and flanked with attB sites, specific to each
fragment, which then specifically interact with attP sites of pDONR vectors with a BP reaction, therefore resulting in pEntry clones (Figure 1 - top). Depending on the desired result,
pEntry clones can be combined in a single LR reaction with a backbone of choice (AAV
backbone with ITRs) containing attR sites (Figure 1 - bottom). Our aim was to optimize
the recombination technology and create libraries of pEntry clones of various promoters
and cDNAs with the aim to be used in different combinations in the future depending on
the research question. We also characterized a construct containing the MCH promoter.

Figure 1 Strategy of 3-fragment Multisite Gateway Pro technology. Fragments flanked by unique
attB sites are generated with PCR and recombined with a BP reaction in to pDONR plasmids
containing attP sites. The resulting Entry clones are combined with a destination vector (in our
case an AAV backbone provided by Matt Nolan) containing attR sites and recombined with an LR
reaction, resulting in the final construct (expression vector).

Materials & Methods
PCRs were performed using forward and reverse primers specific to the templates flanked
by att sequences (Table 1) on rat (MCH) or mouse (OXT) or the pCMV/myc/nuc plasmid
(LifeTechnologies) (nuc_myc). Fragments were cloned into pGEMT easy (Promega) and sequenced with Sanger sequencing. Before performing the BP reactions, the pGEMT plasPage 127 | 188
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mids containing the attB-flanked sequences were linearized with NotI or PvuiII (Roche).
BP recombination with the pDONR plasmids and the linearized pGEMT plasmids was performed according to the manufacturer’s instructions. Resulting entry clones were assessed
with restriction digests. For the LR recombination, 10 fmoles of each entry clone and 20
fmoles of pAAV gateway destination vector (provided by Matt Nolan [328]) were incubated at 25o C for 16 hours with 2 uL of LR ClonaseTM II Plus enzyme mix in 1x TE buffer (pH
8.0) in a final volume of 10 uL. The recombination reaction was stopped by adding 2 uL of
Proteinase K solution and incubating at 37o C for 10 min. The resulting expression plasmids were assessed with restricton digest.
AAV1 viruses were made according to the protocol of chapter 1. Functional titer was determined with qPCR. Titer for the MCH virus was 1.05 x 1014 g.c./mL and for the POMC
virus 2.1 x 1013 g.c/mL. Stereotaxic injections were performed as described in Chapter 3.
Briefly, the rats were mounted into a stereotaxic frame and 2 male were bilaterally injected
with 1 uL of POMC virus in the ARC (from bregma: anterioposterior: -2.40 mm, medio-lateral: ±1.50 mm; dorso-ventral: −10.40 mm, at an angle of 5°) and 2 female with 2 uL of
MCH virus bilaterally in the LH (from bregma: anterioposterior: -2.80 mm, medio-lateral:
±1.80 mm; dorso-ventral: −9.00 mm, at an angle of 10°) at 0.2 uL/ min. Rats were perfused
2 weeks. Brains injected with the POMC virus were cut in 20 or 25 um sections using a cryostat (Leica, Germany), mounted directly onto Superfrost glass and stored at -80°C. Brains
injected with the MCH virus were cut into 40 um sections using a microtome and stored in
Antifreeze solution (30% ethylene glycol, 30% glycerol, 40% PBS 0,1 M) at -20°C. For in situ
hybridization, the protocol of Chapter 1 was followed. Sections incubated at 68°C O/N in
hybridization mix with 400 ng of probe per mL. Sections were incubated O/N at 4°C with
α-DIG antibody (Roche) 1:5000 in buffer 1, 1% FCS. Next day sections were washed 3x5’
in buffer 1, 5’ in buffer 2 and incubated for 2-3 hours in colouring solution 1mL/ glass (8.8
mL of buffer 2, 200 uL BCIP/NBT and 1 mL 10x Levamisole) until the staining was visible
under the microscope. Reaction was stopped by washing the sections in T10E5. In the case
Description

Primer (5’->3’)

MCH prom. (524 bp) FW attB1

GGGGACAAGTTTGTACAAAAAAGCAGGCTGG
TCTAGAGATAACTTCTATTTAATAAGG

RV attB4

GGGGACAACTTTGTATAGAAAAGTTGGGTG
CCTGTTTGCTGCTCCGTAAAGCCGAAG

Nuc.myc (277 bp) FW attB4r

GGGGACAACTTTTCTATACAAAGTTGAT
CGTGGAAATTAATACGACGTG

RV attB3r

GGGGACAACTTTATTATACAAAGTTGT
CAGCGAGCTTCTAGACTATGC

ORE prom. (1420 bp) FW attB1

GGGGACAAGTTTGTACAAAAAAGCAGGCTAT
ACTGTATCATCTAAGCCTTC

RV attB4

GGGGACAACTTTGTATAGAAAAGTTGGGTG
TGTCTGGAGCTCAGGGAGAG

OXT prom. (659 bp) FW attB1

GGGGACAAGTTTGTACAAAAAAGCAGGCTAT
CACAGCAGGTTCTAATACAGAGT

RV attB4

GGGGACAACTTTGTATAGAAAAGTTGGGTG
CGATGGTGCTCAGTCTGA

Table 1 Primers used for PCRs
that no other staining continued, the sections went through a dehydration series. The in
situ probes used were MCH SP6 (DNA fragment in pGEMT.easy, 399 bp long, hybridization
temperature 68°C), POMC SP6 (unknown length and plasmid, hybridization temperature
68°C). Immunofluorescence was performed as described in Chapter 1, with primary antibodies mouse α-GFP 1:500 (unknown), mouse α-myc 1:1000 (made in the lab), rabbit
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α-MCH 1:500 (Sigma) and secondary antibodies goat α-mouse 488 (SantaCruz) 1:500,
goat anti-rabbit 594 1:500. Imaging was done with an epifluorescent microscope (Zeiss
Scope A1).

Results & Discussion

First, we created or obtained various pEntry clones (Table 2). Element 1 contained one of
the established neuropeptide promoters, used to target distinct populations of neurons
in the hypothalamus: Melanin Concentrating Hormone (MCH) in the lateral hypothalamus
(LH) [84], [85] and Oxytocin (OXT) neurons in the paraventricular nucleus (PVN) or supraoptic nucleus (SON) [88]. We also used an entry clone containing the promoter for
Pro-opiomelanocortin (POMC), obtained through a collaboration (John Menzies, University of Endiburgh) which has been used in lentiviral vectors [329] and transgenic mice [330].
Moreover, in the lab there are also available entry clones of CamKIIα and Synaptophysin
(Syn), while we also made plans to clone a novel rat Orexin (ORE) promoter in an Entry
Element 1 (promoter)

Element 2

Element 3

MCH

Nuc_myc

oPRE

POMC

ChR2:eYFP

ORE

iCRE

AII

OXT
CamKIIα
Synaptophysin

Table 2 fragments cloned in Entry clones of the Gateway system
clone, based on knowledge from characterization studies [298], [331], [332]. However, before cloning the Ore promoter, it was discovered that the human orexin promoter had
been used in AAV [87], and therefore we continued using the published one in follow-up
characterization studies (Chapter 3). For Entry clones containing Element 2, there were
available cDNAs for Nuc_myc: a sequence that codes for the myc epitope along with a nuclear targeting sequence, ChR2:eYFP, an ion channel used in optogenetics as well as iCre,
an optimized Cre recombinase. Finally, for entry clone of element 3, instead of the use of
WPRE, which is normally used in AAV as post-trasncriptional regulator in order to increase
expression, we had available the oPRE element, which is optimized.
In order to start validating the specificity of these vectors, we first created an expression
vector containing the following elements in that order: MCH promoter, nuc_myc and oPRE,
in an AAV backbone. We packaged the virus in an AAV1 capsid and injected it in the hypothalamus of rats. After immunofluorescence for MCH and myc, we assessed whether myc
would be localized exclusively in MCH+ cells. However, that was not the case (Figure 2i). We
also obtained a virus containing the POMC promoter, HaloRhodopsin:GFP and oPRE and
injected it in the Arc of rats. After performing in situ hybridization for POMC and immunofluorescence for GFP, we found expression of GFP outside of POMC cells, also in regions
outside of the Arc (Figure 2ii). We therefore concluded that both of the viruses failed to
guide specific expression of the corresponding transgenes in the cells.
We could not but speculate about the reasons for these results. First of all, the AAV backbone that was provided to be used as destination vector, besides attR sites and ITRs, contained also a CBA promoter, positioned in a reverse complement orientation downstream
the 3’ flanking site. Theoretically, because of its position and orientation the CBA promoter
would not affect expression, however, we cannot exclude the fact that it could strongly regPage 129 | 188

Figure 2 Expression of MCH and POMC promoter-driven AAC constructs in the hypothalamus.
i. MCH promoter driven nuc_myc injected in the LH. Myc (green) is found outside of MCH
cells (red), detected with immunofluorescence. ii. POMC promoter driven HaloRhodopsin
fused to GFP injected in the Arc. GFP (green) is found outside of POMC cells (black), stained
with immunofluorescence and in situ hybridization against POMC respectively. White triangles
indicate non-MCH and non-POMC cells with expression of the respective virus transgenes. ARC:
Arcuate nucleus, 3V: 3rd Ventricle, Mtu: Medial Tubelar nucleus.

ulate off-target expression. Another reason for the observed off-target expression could
be the att sites which remain on the expression vector downstream the promoter and
upstream the cDNA, which could influence the CAP binding sites. Finally, the titer (=number of the genomic copies) of the two viruses injected was too high: for the MCH virus it
was 1.05x1011 g.c./μL and for the POMC virus 2.1x1010 g.c/μL injected at 2 μL and 1 μL
respectively. Too many genomic copies entering a cell could force even the non-MCH and
non-POMC cells to express the cDNAs. The last speculation led to experiments performed
in Chapter 3.
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Background
Studies of transient activation with chemogenetics (DREADD) of dopamine neurons in the
Ventral Tegmental Area (VTA) [VTA DA] as well as mesolimbic pathway neurons, i.e. neurons
projecting from the VTA to the Nucleus Accumbens (NAc) [VTA>NAc] have investigated the
involvement of these subgroups in promoting hyperactivity and motivational behaviour
[125], [126], [333]. Moreover, enhanced activity of mesolimbic neurons leads to impairment in value-based decision making, mediated by dopamine release in the NAc [127].
In Chapter 4, we developed a viral vector system which facilitates the targeting and transient activation of specific cells within a pathway and we validated in mesolimbic dopamine neurons [VTA>NAc DA] by showing that activation of these neurons leads to hyperactivity in a locomotion task [130]. In this Appendix, using the method developed in Chapter
4, we aimed to investigate the effect of enhancing excitability of VTA>NAc DA neurons on
a progressive ratio (PR) and a reversal learning (RL) task which are used to assess motivated behaviour and value-based decision making respectively.

Materials & Methods

2 batches of TH-Cre male rats were injected in the VTA with Cre-dependent retrograde CavFlexFlp and in the NAc with an AAV carrying a Flp-dependent excitatory DREADD (Gq) fused
to mCherry, while control rats (Ctl) were injected in the VTA with Flp-dependent mCherry instead as described in the methods of Chapter 4. Both batches of rats were first assessed in the
locomotion tasks for Chapter 4. One batch of rats (Gq: n=7, Ctl: n=5) was trained in receiving a
reward (sucrose pellet) by pressing an active lever first at a fixed ratio (FR1 up to FR5) and after
at a progressive ratio (PR) schedule, where ratio requirements were progressively increased
following each reward (n=1, 2, 4, 9, 12, 15, 20, 25, etc.), as described before [333]. PR sessions
ended when the animal had not received a reward for 30 min. Rats received CNO (0.1, 0.3, 1.0
mg/kg) and Saline i.p. injections at 30 mins prior to testing, counterbalanced between groups
and testing days using a latin-square design. As a readout we used the amount of active lever
presses (ALPs) that were reached in each trial. The other batch of rats (Gq: n=6) was trained in
nose poking for a reward (sucrose pellet) under an FR1 schedule, and immediately proceeded
with the reversal learning (RL) task as described in [127]. Rats received CNO (0.3 mg/kg) and
Saline i.p. injections at 30 mins prior to testing, counterbalanced between testing days. Since
there was no effect of the 0.3 mg/kg dose (not shown), we proceeded with testing CNO at 1
mg/kg with the same parameters. As readouts of this task, we used the total number of reversals and the win-stay behaviour (the percentage of responses in the active nose poke hole after
which the animal responded in that same active hole).

Results & Discussion

Rats were tested in a progressive-ratio task, as a measure of motivation to work for a
reward. When activating VTA>NAc DA neurons by administering CNO, we expected the
amount of effort to work for the reward to increase, representing increased motivation and
reflected in the amount of active lever presses (ALPs). However, we did not see an effect
on the number of ALPs in neither of the CNO doses tested (two-way ANOVA; no effect)
(Figure 1a). When we repeated the test solely with the highest CNO dose (1 mg/kg), we did
not see an effect either (not shown).
Moreover, rats were tested in a reversal learning task, as a measure of value-based decision
making. When activating VTA>NAc DA neurons by administering CNO, we expected an impairment in task performance, reflected in a decreased amount of total reversals (showing
inflexibility) as well as a decrease in win-stay behaviour showing that the rats tend not to
persist in a rewarded outcome [127]. However, even though there was a slight decrease in
the number of total reversals by CNO (paired t-test; t(5) = 2,237; p = .0755), there was no
effect on win-stay behaviour (paired t-test; t(5) = 0,7918, p = .4644).
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When activating VTA>NAc DA neurons with chemogenetics we did not observe the expected results in motivational behaviour and decision-making, even though the same animals were tested beforehand and showed increased hyperactivity after CNO administration (Chapter 4). Even though VTA>NAc neuron activation, which consist of 80% dopamine
neurons, leads to increased effort in the PR task and impaired reversal learning, it might
be that activating the dopamine neurons of the pathway is not sufficient enough to drive
these behaviours and the activity of GABA and glutamate neurons in the same pathway
are needed to modulate motivation and decision making. The observed absence of effect
might also be due to decreased efficiency of targeting with this viral vector system. To
overcome this, the efficiency of transduction should be increased, by testing different AAV
serotypes, different promoters and/or increasing the injected titer without compromising
specificity. Even though in Chapter 4 (figure 2e) we show that targeting VTA>NAc DA neurons is as efficient as targeting all VTA>NAc projection neurons, a proper experiment could
be performed, by targeting these two subsets of neurons separately and performing the
same behavioural tasks in parallel in order to observe potential differences induced by the
CNO-mediated activations.

Figure 1 Transient activation of mesolimbic dopamine neurons by CNO A. No difference in
amount of active lever presses (ALPs) after CNO injection in DREADD Gq (n=7) and Ctrl (n=5)
animals in a progressive-ratio (PR) task. B. Slight decrease in the number of total reversals, but not
effect in win-stay behaviour by CNO in DREADD Gq (n=6) rats in a reversal learning task. Data is
represented as mean±SEM
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APPENDIX IV

Background
The lateral hypothalamus (LH) has a key role in feeding as well as motivated behaviors
[334]. The latter is likely mediated by dense LH projections to the ventral tegmental area
(VTA) [129], [141], [335]. LepR neurons in the LH (LepRLH) regulate dopamine (DA) content
via both direct VTA projections and indirect projections via local orexin neurons [141],
[336]–[338]. LepRLH neurons are GABAergic [141] and mainly co-express the neuropeptides neurotensin (Nts) and galanin (Gal) [107], [336], [339]. Furthermore, intracerebroventricular leptin decreases the rewarding effect of LH stimulation [105], whereas chemogenetic activation of LH LepR neurons increases motivation for food [106]. The regulation of
food reward by LepRLH neurons is partly mediated by their projections to the VTA [106],
which are Nts- but not Gal-expressing [107], [108], while deleting LepR in NtsLH neurons
blunts the effect of leptin on decreasing motivation [107], [339].
In order to further investigate the contribution of LepRLH neurons projecting to the VTA
(LepRLH>VTA) in behavior, we aimed to target them with DREADD, using the viral vector
system we developed in Chapter 4. As a positive control we also targeted LepRLH neurons
with DREADD. We assessed the expression of mCherry (fused to DREADD) after immunofluorescence.

Methods

LepR-Cre mice (n=2) were injected in the VTA with 0.3 μL of (Cre-dependent) CavFlexFlp (Adenovirus Vector Core, IGMM, Montpellier) at 2.8x109g.c. per μL and in the LH with
0.2 μL of (Flp-dependent) frt-hM3D(Gq):mCherry (see Chapter 4) at 2x109g.c. per μL
and LepR-Cre littermates (n=2) were injected in the LH with 0.2 μL of (Cre-dependent)
flex-hM3D(Gq):mCherry at 2x109 g.c. per μL, with stereotaxic surgeries as described in
Chapter 1 (Coordinates: LH: -1.10 anteroposterior (AP), ±1.90 mm mediolateral (ML) from
Bregma, and −5.30 mm dorsoventral (DV) from the skull, 10° angle; VTA: -3.2 AP, +1.5 ML,
-4.8 DV, 10° angle). 4 weeks later all mice were perfused and brains were sectioned, stained
with Rabbit anti-dsRed to enhance mCherry fluorescence and imaged under an epifluorescent microscope (see Methods of Chapter 1 for bregma points assessed and Chapter 4 for
immunofluorescence protocol).

Results & Discussion

We explored DREADD expression in hypothalami of LepR-Cre mice injected with (Cre-dependent) flex-hM3D(Gq):mCherry (LepRLH) as well as of LepR-Cre mice injected in the
VTA with (Cre-dependent) retrograde CavFlexFlp and in the LH with (Flp-dependent)
frt-hM3D(Gq):mCherry (LepRLH>VTA), by assessing mCherry fluorescence after immunohistochemical detection. While during LepRLH targeting (Figure 1a) we observed a lot of
mCherry-positive cells, similar numbers to previous experiments in our lab (V. de Vrind), in
LepRLH>VTA targeting (Figure 1b), there were almost no mCherry-positive cells. Reasons
for this outcome could be that the coordinates used were not optimized enough for the
virus infection to reach the majority of LepRLH>VTA neurons or the viral vector system is
not efficient enough in this specific projection. Of course, LepRLH>VTA neurons are only a
subset of LepRLH neurons, but we would expect a higher amount of neurons that belong to
this projection targeted based on unpublished data from our lab, where an HSV retrograde
viral vector carrying Cre-dependent mCherry was injected in the VTA of Lepr-Cre mice (V.
de Vrind).
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Figure 1 Targeting of LepR neurons in the LH projecting to the VTA with DREADD A.
DREADD (mCherry)-expressing LepRLH neurons B. Almost absent DREADD (mCherry)expressing LepRLH>VTA neurons. mCherry: red, DAPI: blue. Scale bar: 200 um. Arc: Arcuate
nucleus of the hypothalamus, LH: Lateral Hypothalamus, n.t.: injection needle tract.
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Well, that’s the problem with life, right?
Either you know what you want and then you don’t get what you want,
Or you get what you want and then you don’t know what you want.

Discussion
This thesis had the goal to increase knowledge about brain cellular and neural circuit heterogeneity and expand the technical expertise used to study it, with a focus on the hypothalamus and the mesolimbic dopamine system. Current classifications, crucial for understanding brain cell populations and their function, are based mostly on their neurotransmitter,
neuropeptide content or on their connectivity, which facilitates functional studies with the
use of transgenic animals and virus-mediated gene delivery. However, recent advances in
scRNAseq reveal high heterogeneity within cell populations. For example, midbrain dopamine neurons have been extensively studied during development and adulthood, with at
least 6 molecularly distinct populations being identified [123], [340]. Therefore, since the
newly-identified subpopulations are not always anatomically distinct, in order to study
their function new ways of targeting need to be developed. In this chapter, we summarize
and discuss the findings of this thesis, we analyze limitations and shortcomings and propose follow-up experiments. At the end, we discuss future perspectives bridging molecular
classification and gene delivery.

Summary of thesis findings & discussion of results

In part A of the thesis (Chapters 1 and 2), we investigated the molecular profile of hypothalamic leptin-receptor cells in mice. The satiety hormone leptin acts on leptin receptors
(LepR) expressed in various hypothalamic nuclei and a plethora of neuronal and non-neuronal cell populations in order to orchestrate multiple and complementary homeostatic
functions for the regulation of energy balance. While cells located in the arcuate nucleus of
the hypothalamus have been extensively studied, other regions and cells expressing LepR
have been understudied.
In this thesis, we aimed to unravel the molecular profile of LepR cells in the lateral hypothalamic region (Chapter 1), a rare cell population which contributes to leptin’s effects on food
intake and motivated behavior. We also investigated the molecular profile of the total hypothalamic LepR cell population at the single cell level in order to better understand how
these populations are organized in subpopulations (Chapter 2). Furthermore, we explored
their transcriptional response to energy deficit, in order to get a better understanding of
how LepR cells sense and adapt to changes in environmental and hormonal cues which
occur with fasting, such as low leptin levels.
In particular, in Chapter 1, we focused on LepR cells in the lateral hypothalamus (LepRLH)
by exploring expression of marker genes and the transcriptomic response to energy deficit
by employing TRAP-Seq, a method for isolating translating mRNA. Our RNAseq analysis
identified 342 significantly enriched genes in the LepRLH samples. We started by confirming
enrichment of LepR mRNA and transcripts of known markers of LepRLH neurons (Nts, Gal,
Tac1, Cartpt, Crh). We explored the co-localization patterns of the 5 neuropeptides with
LepR in the LH, adding significant insight to the already established knowledge.
Next, we classified the LepRLH-enriched genes into sub-categories based on their molecular
function (e.g. secreted proteins, GPCRs, transcription factors), listed the top 10 in each category and investigated their expression in hypothalamic subregions based on Allen Brain
Atlas ISH data. None of the identified enriched markers showed exclusive expression in the
LH. However, we identified few novel marker genes that besides the LH show expression in
other distinct hypothalamic nuclei, such as secreted proteins Stc1 and Cthrc1, involved in
lipid synthesis and storage, catalytic receptors Itgb1 and Acvr1c, the transcription factors
Asb4 and Dlx1 and the GPCRs Npy1r and Gpr101.
Food deprivation caused 10 genes to be differentially regulated, most of them had already
been associated with energy balance in literature. Among those, fasting caused downregulation of the histone modifier Hdac5, involved in leptin signaling and STAT3 activation in
the hypothalamus, and the transcription factor Fosl2, which promotes leptin expression
in adipocytes. Fasting also downregulated the expression of the enzyme Fam46a, a transPage 147 | 188
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locator of leptin in adipocytes, and Rrad, both of which show strong expression in the LH
and low expression in other hypothalamic regions, and therefore are potential targets for
further investigation.
Even though defining the transcriptome of LepRLH neurons provides great insight on their
molecular profile, it does not address the heterogeneity among LepR cells. In order to decipher molecular heterogeneity among hypothalamic LepR cells, we employed scRNAseq in
Chapter 2. Using a transgenic mouse with tdTomato expression in LepR cells, we analyzed
824 cells which generated 17 clusters of non-neuronal and 8 clusters of neuronal cells, revealing a high level of heterogeneity among hypothalamic LepR cells.
Out of 8 neuronal clusters, 5 clusters represented cell populations in the Arc already known
to express LepR, i.e. 3 clusters of Agrp neurons, 1 cluster of mixed POMC/KNDy neurons
and 1 cluster of Ghrh neurons. The latter also strongly expressed Th (Tyrosine Hydroxylase),
Gal (Galanin) and Sstr2 (Somatostatin receptor 2) revealing a cell population with a strong
neurochemical profile. The remaining three neuronal clusters identified in our dataset, with
high expression of thyrotropin-releasing hormone (Trh) were of novel nature and quite
heterogeneous. The Trh_Th cluster is highly similar to the Arc-ME leptin-sensing GABAergic
Trh/Cxcl12 cluster identified by Campbell et al [77]. Therefore, Trh_Th represents another
distinct LepR population in the Arc. Nevertheless, due to expression of Th, Cartpt, Ptger3,
Adra1b and Cxcl12, which are not exclusively expressed in the Arc, we cannot exclude
the fact that Trh_Th neurons could be also localized in other hypothalamic regions. The
Trh_Cnr1 cluster contained different subsets of cells expressing Bdnf, Gal, Nts, Crh and
Tac1, indicating that these neurons are derived from the LH, DMH and/or VMH. Finally, the
Trh_Pirt neuronal cluster contains cells probably located in the Arc, DMH, LH, PVN due to
high expression of marker genes Pirt, Crhr2 and Cartpt.
This evidence indicates that the majority of hypothalamic LepR populations we detected
are located in the Arc, the primary target of leptin. The Agrp population of LepR cells was
the one that responded the most to fasting, adapting their transcriptome by increasing
the expression of various hormone receptors involved in energy balance and temperature
sensing (Ghr, Ghsr, Sorcs1, Trpm3) and lowering the expression of circadian clock genes
(Nr1d2, Per3, Bhlhe40). Gene regulatory network analysis revealed that the transcription
factor Rfx3 increased its activity, while the transcription factor Npdc1 decreased its activity
upon fasting. Both of these transcription factors regulate the expression of the enzyme
Mapk10, with a role in insulin resistance. The BDNF receptor Ntrk2 is a downstream of
Rfx3, while Clstn3 and Faim2, are targets of Npdc1, suggesting that these may be involved
in orchestrating the response of Agrp neurons to energy deficit.
We also identified 17 clusters of non-neuronal cells, which indicates the dynamics of leptin’s effects on multiple functions. Four clusters of tanycytes, expressing markers of α2, β1
and β2 tanycytes in the form of a gradient were identified as well as a cluster of astrocytes,
strongly marked by Agt. Few astrocytes also expressed Gfap while the rest expressed the
mouse astrocytic marker Itih3, which may indicate reactive and non-reactive astrocytes,
respectively. Four clusters of endothelial cells expressed markers of venous, capillary and
arterial endothelial cells as well as smooth muscle cells and pericytes in a form of a gradient. We also identified 3 clusters of VLMCs, and 1 cluster of each of these populations:
Oligodendrocytes, OPCs as well as microglia and macrophages. The presence of LepR on
diverse non-neuronal cell types underlines leptin’s involvement in many functions, such
as leptin transport (tanycytes, endothelial cells, VLMCs), synaptic plasticity (Astrocytes),
neuroprotection and remyelination (Oligodendrocytes, Oligodendrocyte progenitor cells,
microglia and macrophages).
The datasets generated in part A of this thesis provide an extensive resource for future
functional studies, and may contribute to a better mechanistic understanding of, for in-
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stance, leptin resistance. The neuropeptides, receptors and transcription factors identified
can be further explored as marker genes and therapeutic targets for the treatment of metabolic diseases, such as obesity, diabetes and anorexia. Making use of data from RNA sequencing studies will facilitate appropriate use of gene delivery methods in order to target
specific subpopulations of cells and study their function, as discussed later. In part B (Chapters 3 & 4) of this thesis, we explored and characterized currently available gene delivery
tools that target specific subpopulations of cells in the hypothalamus and the mesolimbic
dopamine system based on their neuropeptide content and connectivity. We employed
viral vectors (AAV and Cav2) carrying transgenes that guide expression of chemogenetic
and optogenetic tools into cell types of interest and assessed their specificity and efficacy.
We started to clone established short neuropeptide promoters into AAV viral vectors in
order to target distinct populations of neurons in the hypothalamus (MCH, Orexin and Oxytocin) with optogenetic tools (Channel Rhodopsin [ChR2] fused to the fluorescent protein
eYFP). We repeatedly observed that injecting these viral vectors into the hypothalamus of
rats and mice resulted it robust off-target expression of eYFP outside of the cells targeted.
This could have implications when interpreting results from studies using this kind of approach as well as when promoter-driven viral vectors are used in gene therapy.
In order to tackle this, we tested different AAV serotypes (AAV1, 2 and 5) which did not
improve specificity of expression. We hypothesized that the amount of genomic copies
(=titer) injected influences the transcriptional regulation of the transgene, in a way that
when high number of copies enter into a cell, the transcriptional machinery is ‘forced’ to
transcribe the transgene independently of the cell-specific regulation provided by the neuropeptide promoter. To this end, in Chapter 3 [94], we performed a series of injections
with descending titers and observed that lowering the titer of a viral vector increases specificity of expression. However, as expected, the number of cells targeted (=efficiency) was
compromised. These observations were consistent between promoters (MCH, Orexin and
Oxytocin), transgenes (ChR2 and DREADD) and species (rats and mice).We also observed
that, in parallel, lowering the titer resulted in decreased intensity of the eYFP signal. Inspired by that, we speculated that the expression levels of ChR2:eYFP under the control
of MCH promoter would be lower in MCH- compared to MCH+ cells, which was indeed the
case, showing that the regulation of the transgene in off-target expression is lower. Thus,
there is a window of opportunity to use these vectors, for instance to increase the chance
to electrophysiologically record from MCH neurons in brain slices.
In the case of the MCH promoter driving expression of DREADD, we investigated if CNOinduced activation of DREADD increased neuronal activity in both MCH+ and MCH- cells
by measuring the expression of the immediate early gene cFos. We observed that besides
DREADD-expressing MCH+ neurons, CNO induced cFos expression in MCH- neurons, as
well. Therefore, promoter-driven viral vectors at high titers should be used with caution. In
a follow-up experiment, we injected an AAV with the MCH promoter driving the expression
of Cre recombinase (MCH-Cre) in combination with a Cre-dependent ChR2:eYFP(FlexChR2:eYFP). As expected, at high titers the specificity of GFP expression was low. However,
in contrast with the previous results, lowering the titer of MCH-Cre did not improve
specificity, even though efficiency was decreased. We speculate that each molecule of the
Cre enzyme is able to recombine multiple genomic copies of Flex-ChR2:eYFP, therefore
even when MCH-Cre is injected at low titers, ChR2:eYFP is detected in MCH- cells. Thus,
this strategy of targeting cells should be avoided in future studies. Overall, this chapter
provides recommendations for the proper use of cell-type specific promoter-driven AAV
viral constructs. These tools should be used with caution depending on the downstream
application, as discussed later.
In Appendix I, we use MCH promoter-driven DREADDs and GCAMP6s for chemogenetics
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and fiber photometry respectively. After chemogenetic manipulation of MCH neurons (excitation, inhibition or activation of the cAMP pathway) there was no effect on food, water
intake or locomotor activity, while recording MCH neuron activity during caloric intake and
novel object or chow presentation tasks did not yield concrete results. Due to technical
issues it was decided not to continue. However, in future experiments this pilot study can
be revisited and the use of these vectors explored more extensively.
In Chapter 4 [130], we aimed to target brain cells at a cell type- and projection-specific
manner, using a novel strategy of combining a transgenic animal and two viral vectors.
In order to characterize the specificity of the viral vectors and validate the efficacy of the
strategy, we chose to target and manipulate the neuronal activity of mesolimbic dopamine
neurons, i.e. Tyrosine Hydroxylase (TH) neurons projecting from the ventral tegmental area
(VTA) to the Nucleus Accumbens (NAc). To this end, VTA>NAc dopamine (DA) neurons
were targeted with DREADD and besides histochemical parameters, we also assessed the
efficacy of the manipulation at a proof-of-concept locomotion task, since it is established
that both VTA dopamine neurons as well as neurons that belong to the mesolimbic pathway (VTA>NAc) drive hyperactivity [125], [126].
Dopamine neuron-specific targeting was facilitated by the use of a transgenic rat expressing Cre recombinase under the control of the tyrosine TH promoter (TH-Cre), the specificity
of which has been established (e.g. [126], [314]). In order to achieve projection-specificity,
we utilized Canine Adenovirus (Cav2), targeting the NAc. Cav2 infects neuronal terminals
and retrogradely targets the carried transgene to all the input areas [32]. The transgene we
chose to use was a Flp recombinase conditionally expressed in the presence of Cre (CavFlexFlp) [307]. In this way, we could achieve Flp expression in all TH+ neurons projecting
to the NAc. In order to be able to transiently activate VTA>NAc dopamine neurons, we
injected a Flp-dependent DREADD (frt-DREADD) that was developed in-house.
In order to characterize the viral vector system, we first validated the specificity of the Flp
recombination of frt-DREADD in Parvalbumin (PV)-Flp mice and wild-type littermates. We
next assessed the efficiency of 3 strategies of retrograde transfer on the VTA>NAc pathway
by injecting Cav2-Cre in the NAc and a Cre-dependent DREADD in the VTA. Besides injecting Cav2-Cre alone, we injected an additional AAV in order to enhance the expression
of coxsackievirus and adenovirus receptor (CAR), which is the entry point of Cav2 at the
terminal site. We also tested a retrograde AAV carrying Cre (Retro-Cre). The latter method
was the least efficient, while the two former (Cav2-Cre with or without CAR) produced
similar expression levels. Since injection of the AAV carrying CAR requires an additional
surgery to be performed and it did not significantly increase efficiency, we continued with
using solely Cav2 as the method for retrograde transfer.
We next injected TH-Cre rats with CavFlexFlp in the NAc and frt-DREADD in the VTA in
order to assess the specificity of the system to target dopamine neurons. Control experiments with absence of either Cre, Flp or both, revealed almost absent expression, while
presence of both Cre and Flp resulted in 96% specificity, transducing 22% of VTA dopamine
neurons. The major output sites of VTA dopamine neurons are the NAc, the pre-frontal
cortex (PFC) and the Amygdala (Amy). We therefore assessed whether the cell-type and
pathway-specific targeting induced expression solely in the terminals located in the NAc
and not the other two regions. Indeed, we observed robust expression exclusively in the
NAc, when comparing the terminal sites to TH-Cre rats injected with Cre-dependent DREADD in the VTA.
Finally, we assessed the efficacy of the tool upon DREADD activation with CNO in driving
locomotor activity. In TH-Cre rats with CavFlexFlp in the NAc and frt-DREADD in the VTA,
CNO induced a significant increase in locomotor activity, while in control rats there was no
effect. We therefore characterized and validated a very useful tool to target neurons at a
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cell-type and projection-specific manner. Depending on the cell population to be studied,
this viral vector strategy can be applied universally, by altering the transgenic line used in
order to achieve cell-type specificity. Moreover, besides DREADD other transgenes can be
used depending on the hypothesis and desired readout.
We also applied the viral vector system in two paradigms. In Appendix III, we again activated mesolimbic dopamine neurons and investigated the effect on motivated behavior
and value-based decision-making. While we expected to see that activation would leave
to increased motivation and impaired decision-making, we did not see an effect. Perhaps
an increase in the efficiency of transduction in combination with an activation of the whole
mesolimbic pathway (that has an established role), would shed more light into the exact
role of dopamine neurons in this pathway in driving these behaviors. In Appendix IV, we
applied the viral vector system on LepR neurons projecting from the LH to the VTA, which
resulted in lack of expression, which could mean that this viral vector system preferentially
targets certain projections than others.

Limitations, methodological considerations and suggestions
for follow-up experiments and analysis

In Chapter 1, we investigated the molecular profile of LepRLH neurons using TRAP-Seq and
their transcriptional response to food deprivation. TRAP-Seq is an excellent method for
investigating rare cell populations in the brain by capturing the actively translating mRNA.
This technique has advantages and limitations. First of all, capture of transcripts depends
on whether the gene is being translated at the given moment, and it might ‘miss’ genes that
are not actively transcribed. Secondly, the technique is not capturing non-coding RNAs or
pre-spliced isoforms of certain transcripts, which would give valuable information about
the whole transcriptome of the cells studied. Moreover, the RNA yield is quite low, which
might affect the number of detected genes and the reliability of detecting low abundance
transcripts. While transcriptional response to different challenges (such as fasting) can be
captured using TRAP at the translating mRNA, the changes of the total RNA pool of a certain transcript might be negligible.
We also investigated the co-localization patterns of already established marker genes with
LepRLH neurons, which added value to the already existing knowledge. What would be of
particular significance is to detect the signal from multiple neuropeptides and LepR simultaneously, for example by using single-molecule FISH (smFISH) and quantify the co-expression patterns of these transcripts in the LH. This method could also be applied to study
novel marker genes identified to be enriched in LepRLH neurons in our dataset. Secreted
proteins Stc1 and Cthrc1, the transcription factors Asb4 and Dlx1 as well as genes that
were differentially regulated by food deprivation are good candidates to quantitatively
assess the effect of fasting at the single cell level.
Fasting downregulated the histone modifier Hdac5 in LepRLH neurons. Hypothalamic Hdac5
expression is reduced in diet-induced obesity and increased by leptin administration.
Global Hdac5 ablation enhances responsiveness to high fat diet driven by increased food
intake, while local knock-down in the mediobasal hypothalamus induces hyperphagia. In
the Arc, Hdac5 regulates POMC (and not Agrp) expression via STAT3 deacetylation, while
it also regulates leptin signaling. However, Hdac’s function in the LH and its downstream
target genes are unknown. With a virus-mediated conditional local knock-down of Hdac5
in LepRLH neurons, its function could be investigated by assessing neuropeptide content as
well as the effect on food intake and other aspects of energy balance. Similar experiments
could also be performed for the differentially regulated genes Fosl2, Fam46a and Rrad.
Even though the fasting protocol induced significant body weight loss, we found only 10
genes to be differentially expressed. It is possible that LepRLH neurons’ response to fasting
is minimal, similarly to Pomc neurons in the Arcuate nucleus, as opposed to Agrp neurons,
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in which the expression of many more genes is affected [6]. scRNAseq papers of the hypothalamus confirm that out of all hypothalamic populations, Agrp neurons are the ones that
respond the most to fasting [77], [82]. It is also possible that with a different duration of
the fasting protocol we would have seen greater changes in gene expression. Leinninger et
al. [141] reported downregulation of cFos protein in LepRLH cells after 36 hours of food restriction, which we could replicate with our fasting protocol (24 hours). However, how different fasting protocols affect gene expression in this particular cell type remains unknown.
In order to investigate the dynamics of transcriptional response to energy deficit as well
as compare the responses in different LepR hypothalamic subpopulations, a TRAP experiment could be performed by targeting different hypothalamic subregions, for example
comparing LepRArc-ME with LepRLH cells, and applying diverse fasting protocols, with or
without re-feeding. We would expect that LepRArc cells adapt their responses to energy
deficit more swiftly compared to LepRLH cells, knowing that the Arc-ME is the primary target
of hormonal cues (such as leptin, insulin and ghrelin) since they are in direct contact to the
blood circulation. On the other hand, while leptin directly acts on LepRLH cells, they are
also innervated by Arc neurons (unpublished data from our lab). Therefore, they probably
receive a secondary input of cues from the Arc besides the direct effect of circulating leptin.
In Chapter 2, we used scRNAseq in order to classify hypothalamic LepR cells and investigate how they adapt to energy deficit. Out of 8 neuronal clusters identified, 5 represent
cell populations identified in the past to express LepR and are located in the Arc, i.e. Agrp
1 to 3, POMC/KNDy and Ghrh, referred to as ‘established’ clusters. The other three ‘novel’
clusters, with high Trh expression, display increased heterogeneity, as discussed below. It
is highly probable that adding more cells to the dataset would lead to generation of more
clusters representing these heterogeneous subsets of cells. With proper validation experiments (also discussed below), it would lead to a more concrete classification of LepR cells,
especially for non-Arc populations.
In order to better assess non-Arc LepR populations, a suggestion would be to dissect hypothalamic tissue from LepR-Cre x L-tdTomato mice and remove the Arc before sorting
tdTomato+ cells. However, this would leave very few cells available for sorting since the
majority of the neuronal cells in our dataset (at least 241 out of 373 neurons) belong to
the established Arc clusters. This would have two solutions: 1) Increasing the number of
animals and workforce in order to perform the experiment in the same timeframe for a
sufficient number of cells to fill in a 384 well-plate or 2) Performing many more individual
experiments and collect very few tdTomato cells supplemented with random hypothalamic cells to sufficiently fill in the plate. The former would increase the breeding costs and
workload whereas the latter would increase the sequencing costs and total duration of
the experiment significantly. However, the scRNAseq field is rapidly evolving, so with new
advances in sorting techniques and development of methods that enormously scale up
throughput and reduce sequencing costs (e.g. [341], [342]), it will soon be possible to sort
and obtain high-quality RNA from rare populations.
We observed the highest degree of transcriptional response to fasting in Agrp neurons,
but note that only 13 out of the 25 clusters in the dataset had more than 3 cells from the
fasted condition. Enriching the dataset with more cells, especially from the fasted condition would benefit the differential expression analysis and bring novel information about
how non-Agrp cells adapt to energy deficit. It would also be very interesting to explore the
transcriptional response of non-neuronal cells to fasting; for example, whether cells that
are involved in leptin transport (Tanycytes, Endothelial cells, VLMCs) increase their Lepr
content in order to adapt to the low levels of leptin in the circulation.
As mentioned above, the three Trh clusters were quite heterogeneous, and proper validation experiments would need to be performed to explore their localization and establish
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them as LepR subpopulations. The Trh_Th cluster is highly similar to the Trh/Cxcl12 cluster
identified in the Arc-ME dataset of Campbell et al. [77]. However, this evidence does not
fully indicate that the cells in the Trh_Th cluster are solely located in the Arc. Based on the
expression patterns of the marker genes in this cluster (Ptger3, Adra1b and Cxcl12) derived from Allen Brain Atlas ISH data, Trh_Th cells could be located in other hypothalamic
nuclei, as well. After all, we show that LepR is co-expressed with Th in the Arc, DMH and
LH. Besides unique expression of Cxcl12, this cluster also displays unique enrichment of
transcription factors Lhx1 and Lhx1os as well as Adra1b. Therefore, fluorescent ISH (FISH)
for these marker genes in combination with IHC for tdTomato on hypothalamic tissue of
LepR-Cre x L-tdTomato mice would reveal the location of these subsets of cells. Application of smFISH with a combination of these marker genes would facilitate an even better
understanding of their co-localization patterns. Similar validation experiments could be
performed in order to investigate the molecular profile for the Trh_Pirt and Trh_Cnr1 clusters further. For example, in the Trh_Cnr1 cluster we identified enrichment of Cnr1, Tac1,
Prlr and subsets of cells expressing the LepR-LH markers Gal, Nts, Crh. Subsets of cells in
the Trh_Pirt cluster expressed Crhr2 and Pirt.
Collection of more cells and employing RNAseq analysis pipelines for the identification
of rare cell types (e.g. RaceID2 [343]), could define if the subsets of cells found in the Trh
clusters cluster further. However, as discussed in the introduction of the thesis, every cell is
unique. It is desirable to increase cell numbers in order to provide more reliable and concrete classification of cells, but at some point a very high degree of classification will not be
possible and even if it is, it will require extensive validation and likely not benefit follow-up
functional studies due to the scarcity of the cells that belong to each small subpopulation.
In Part A of the thesis, we explored the transcriptome of LepRLH cells as bulk, using TRAPseq, as well as subpopulations of hypothalamic LepR cells, using clustering analysis after
scRNAseq. While in our scRNAseq dataset we identified cells expressing markers of LepRLH
cells in the Trh_Cnr1 cluster, this cluster represented a quite heterogeneous population
and therefore we cannot assume that cells cluster based on their spatial location. A good
way to investigate this cluster further would be to try to integrate in other scRNAseq hypothalamic datasets, such as the LH dataset provided by Mickelsen [80], and see whether the
cells of the Trh_Cnr1 cluster correspond to a cluster identified by them. Another comparison that could bring fruitful information, would be to compare the transcriptome of LepRLH
cells of Chapter 1 with the scRNAseq dataset of Chapter 2. A way to do this would be to
correlate the signature genes of the scRNAseq clusters (Chapter 2) with the transcriptome
identified in LepRLH cells in Chapter 1.
In Chapter 3, we assessed and optimized AAV gene delivery driven by short neuropeptide
promoters to target specific cell populations in the hypothalamus. Even though the specificity
with which these promoters drive expression in neurons has been assessed and established
in the literature, we detected off-target expression of transgenes at high titers. The off-target
expression observed might have implications about the reliability of the measured outcomes,
depending on the application. For example, in behavioral studies when cells are (transiently)
(de)activated, noise coming from the cells non-specifically targeted could distort the measured
outcome and harness proper interpretation of results. After all, we showed that improperly
targeted cells with DREADD also get activated when CNO is injected, along with properly targeted cells. Nevertheless, we also observed that the expression levels of fluorescent proteins
were much lower in off-target compared to on-target expression. This finding actually benefits
the use of these constructs in other applications. For example, during in vitro patch-clamp recordings researchers measure electrophysiological properties mostly by detecting the highly
fluorescent cells. Since there is no immunofluorescence involved, the improperly targeted cells
might not be detected at all, making the results of such experiment more trustworthy.
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We speculate that off-target expression at high titers takes place due to the high amount of
genomic copies introduced to a cell, thus amplifying any weak, non-specific promoter activity. Low expression can also occur because of stochastic gene expression; however, if this
was the case, we would also observe similar levels of off-target expression at low titers. In
order to investigate this further one would need to explore if there is a correlation between
the number of AAV genomic copies entering a cell with the number of mRNA transcripts
of the transgene. This could be done either with a combination of single-cell DNAseq (for
the AAV transgene) and RNAseq (e.g. [344]) or single-cell droplet PCR. A sequence in the
AAV transgene that is not transcribed into RNA would be helpful, in order to differentiate between virus episomal DNA and mRNA transcripts. However, both of these methods
would require extensive development and optimization, therefore making them unattractive. Nevertheless, scRNAseq alone could be used to detect the identity of the cells with
off-target expression and reveal if off-target expression is favored in a particular cell type.
In my opinion, it is not essential to invest time and money to answer why and how a high
AAV copy number leads to improper expression. In order to straightforwardly tackle the
issues emerged with the use of promoter-driven vectors, I suggest to perform pilot experiments to define what are the best injection parameters depending on the downstream application. In our experiments with the MCH promoter, 0.1 x 109g.c. / μL reached specificity
of over 90% and led to expression in 20 to 25% of the total population of MCH cells. However, applying this knowledge on downstream experiments in Appendix I led to absence
of expected effects, which could be due to the low transduction efficiency. To increase the
number of cells targeted, more than one injection of the virus should be done at multiple
distal sites which would enhance the coverage of MCH neurons. Alternatively, a researcher
could also compromise for a lower specificity (e.g. 80%).
Transgenic animals are still the method of choice for cell-type specific targeting. Since the
transgene is integrated in the genome, its expression will not be influenced by copy number
differences. Cre-driver lines also give the benefit of expression of a plethora of available
Cre-dependent transgenes depending on the research question that need to be answered,
but note that Cre-driver lines could result in ectopic Cre expression and alterations in gene
expression which could lead to impairments, for example in RIP-Cre mice or Cre-driver
lines driven by Insulin promoters [345], [346].
In Chapter 4, we developed and characterized a novel strategy to target and transiently
activate neurons with cell type and projection specificity. We showed that activation of
mesolimbic dopamine (VTA>NAc DA) neurons led to an increase in locomotor activity, as
expected. However, when we tested the rats in the reward-related progressive ratio (PR)
and reversal learning (RL) tasks, there was no effect of the activation, which came as a
surprise, since it is well-established that activating mesolimbic (VTA>NAc) neurons leads to
increased performance in the PR task [125] and impaired RL [127].
While the majority (80%) of mesolimbic neurons is dopaminergic, activation of the whole
pathway (VTA>NAc) might be necessary to drive these behaviors. In order to properly investigate that, we would need to target VTA>NAc DA neurons and VTA>NAc neurons separately and assess the outcome of neuronal chemogenetic activation on locomotion, PR and
RL tasks. While single (Cre) and double (Cre and Flp) recombination events occur during
VTA>NAc and VTA>NAc DA targeting respectively, we observed that DREADD expression
levels are similar between the two transduction methods. Therefore, we are confident that
behavioral outcomes of this comparison would not be attributed to differences in transduction efficiency. The differences observed would further dissect the role different subpopulations of this pathway in reward and decision-making.
Another important addition to the established knowledge about VTA dopamine neurons,
would be to investigate the contribution of different VTA dopamine pathways to behavior.
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One could target dopamine neurons belonging to the VTA>NAc, VTA>PFC and VTA>Amy
neurons which are the major pathways of VTA dopamine neurons. While 80% of VTA>NAc
neurons are dopaminergic, almost 60% of VTA>PFC and VTA>Amy are dopaminergic. The
VTA>PFC pathway encodes reward information and has been implicated in attention mediated via dopamine receptors [347], [348], while VTA>Amy dopamine neurons contribute
to fear memory formation [349]. Therefore, targeting dopamine neurons in those pathways
and performing behavioral tasks of attention and fear memory would shed more light into
the involvement of dopamine neurons in these behaviors.
In future studies, in order to increase efficacy of neuronal activation it is advisable to increase transduction efficiency. Increasing the titer of the Flp-dependent AAV, without dramatically decreasing specificity, would boost the number of targeted neurons. Another way
to increase the potency of the system would be to test different ubiquitous promoters
driving expression of the transgene [350], [351]. We used human synapsin promoter (hSyn)
which is very-well established, while both elongated factor 1-alpha (EF1α) and cytomegalovirus (CMV) could also be tested, since they are often used in neuroscience.
As mentioned already, the viral vector system developed in Chapter 4 can be applied universally in different projections and cell types by using transgenic animals of choice. For
example, by using LepR-Cre mice one could target LepR cells projecting from the LH to the
VTA and investigate their contribution to reward-mediated food intake (with chemogenetics or optogenetics) or explore their transcriptome (with TRAP).
Moreover, the generation and application of different Flp-dependent transgenes would
facilitate the investigation of multiple aspects of the targeted populations. For example,
apart from the activating DREADD (hM3DGq), which increases neuronal firing, we could
create a vector carrying the deactivating DREADD variant (hM4DGi), which inhibits cAMP
production, as well as hM3DGs, which stimulates cAMP production, all of which have been
applied on VTA dopamine neurons [352], [353]. For optogenetic control of neuronal activity during in vivo behavioral tasks and in vitro electrophysiology, Channel Rhodopsin 2 or
other rhodopsins could be used, while one could record neuronal activity using transgenes
of the GCaMP6 family.
In part B of the thesis, we developed and optimized viral vectors to target specific subpopulations of cells. While in chapter 3 we identified an optimal titer for the use of a cell-type
specific promoter in an AAV vector, in chapter 4 we used a transgenic animal in order to
achieve cell-type specificity. In order to abolish the use of transgenic animals, one could
substitute a TH-Cre rat with a wild-type rat injected with a TH-Cre AAV vector. However, in
chapter 3 we showed that specificity of a Cre vector driven by a cell-type specific promoter
does not improve by lowering the titer while efficiency drops, so this transduction strategy
would most likely fail. Instead, one could clone a Cre-dependent transgene downstream
the cell-specific promoter. In the case of VTA>NAc neurons, a wild-type rat (or mouse)
could be injected in the NAc with Cav2-Cre and in the VTA with TH-Flex-DREADD (or
alternatively with CavFlp and TH-frt-DREADD), using an already established TH promoter
[354] after careful optimization. Even though this method might result in lower efficiency
of transduction than the use of the TH-Cre rat, it might come in useful when it is desired
to study diverse neuronal populations in the same animal, for example when exciting a
certain neuronal population and recording from another one.

Future directions in the field of brain heterogeneity and
gene delivery

Recent advances in neuroscience and especially in RNA sequencing have revealed high
heterogeneity among brain cells. Besides the classification of cells into main categories
(neurons, astrocytes, oligodendrocytes etc), brain cells are classified based on their neurotransmitter or neuropeptide content as well as their connectivity. scRNAseq facilitates the
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classification of cells based on their transcriptome leading to the identification of many
molecular subtypes within a given cell population. However, depending on the sequencing
depth, library preparation and cluster analysis software, the identification of subtypes may
differ. Since every cell is unique, to what extent can we classify cells? How helpful is an
extended classification of cells in interpreting molecular function and designing follow-up
studies?
As discussed in the introduction, researchers have started to pair scRNAseq methods with
other techniques in order to understand better what is the relation between the molecular
profile and other characteristics. For example, with Patch-Seq one can isolate the RNA
content of a cell after recording the electrophysiological properties of it. Pairing scRNAseq
with MERFISH, a method to histologically detect multiple mRNA transcripts on brain tissue simultaneously, gives insight about the localization of the clusters identified as well as
the overlap between marker genes identified. Development of more high-throughput scRNAseq methods and pairing them with other molecular biology techniques will facilitate
the proper characterization of clusters and give more insight on their relevance to certain
functions as well as behavior and disease.
Classification of cell types using scRNAseq has changed the notion of classifying cells based
on a single marker gene. In scRNAseq datasets, including ours, a single cluster is often defined by the expression of multiple marker genes that are also present in other clusters. As
seen in the clusters of tanycytes and endothelial cells that we identified in Chapter 1, the
expression of marker genes is along a gradient and not clear-cut. In another example, LepR
cells in the LH, even though molecularly distinct from MCH and Orexin neurons in the same
subregion, express a variety of neuropeptides, which are often co-expressed in the same
cells. Knowing that, since a single cluster is not defined by a unique marker gene, how can
we target it in order to study its function and dissect its role?
One idea is to develop capsid variants that preferentially target specific cell subpopulations. Significant advancements have been taking place in the field of capsid engineering
with the generation of thousands of novel variants through directed evolution or rational
design of AAV capsids [29], [355], [356]. However, the resolution with which novel capsid
variants target cells in the body is most often limited to the tissue level, and less often to
the cell type level. The serotypes of choice in neuroscience and in gene therapy clinical
trials are still derived from the natural AAV variants. A group of researchers developed
the technique BRAVE [29], where each virus particle displays a protein-derived peptide
on the surface, which is linked to a unique barcode in the packaged genome. With the aim
of targeting neurons at their terminals, they selected 131 proteins based on their documented affinity to synapses and identified which variants target different pathways specifically. Even though in this paper researchers utilized already acquired knowledge (the
131 proteins), this approach could be applied with a larger library of capsid variants with
random mutations or DNA shuffling of capsid parts, where each capsid variant is coupled
to a unique barcode. When this virus library is injected in a brain region which then undergoes scRNAseq, clustering analysis would reveal the subpopulations of cells in the region as
well as which capsid variants are enriched in each cluster. The top capsid variant per cluster
could then be facilitated in order to target the cluster.
In Chapter 2, we used pySCENIC in order to identify transcription factor activity and we
showed that the activity of specific transcription factors defined cell identities which nicely
recapitulated the clusters identified using the whole transcriptional signature of the cells.
Therefore, using knowledge about GRNs as well as the identification of gene regulatory elements (GREs) is another strategy in order to gain genetic access to cell subtypes identified
by scRNAseq. In one approach, researchers manufactured libraries of synthetic promoters
driving expression of transgenes and assessed their transduction specificity in the retina
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[357]. Else, ATAC-Seq or ChIP-Seq are used to identify gene regulatory elements (GREs)
active in cell clusters or brain regions and transgene cassettes including these GREs are
created to target expression accordingly [358]–[360]. In one of these studies, single-cell
ATAC-Seq paired with single-cell RNAseq was employed in order to detect which GREs are
active in each cluster identified. They created AAVs with the selected GREs driving expression of recombinases or fluorescent proteins and validated their expression [358], [359].
Researchers also developed PESCA [361], which utilizes ATAC-Seq in order to identify
highly active GREs in visual cortex SST neurons. They created barcoded AAV libraries with
the detected GRE elements cloned in front of a minimal promoter driving GFP expression and after injecting the virus library in the visual cortex they performed single-nuclei
RNAseq to identify both SST subclusters as well as the GRE-driven AAVs that preferentially
targeted each cluster.
In our scRNAseq dataset of hypothalamic LepR cells, we identified that the activity of
regulons Fli1 and Bclaf1 discriminates LepR Agrp neurons from the other neuronal types,
and therefore we could use this knowledge to target LepR Agrp neurons. By exploring the
target genes of these transcription factors, we could identify GREs and select the ones that
are most conserved between genes, therefore creating a database of GREs that are potentially highly active in LepR Agrp neurons. Then, we could create a few (e.g. 10) AAV viruses
containing different combinations of the selected GREs upstream of the minimal promoter
of the Agrp gene, guiding expression of GFP coupled with a unique barcode per variant.
Then, we would inject an AAV mix of the AAV viruses in the Arcuate nucleus of LepR-Cre
x L-tdTomato mice and perform scRNAseq in order to identify which AAV variants are
enriched in each LepR Agrp cluster. After careful selection, we would use the AAV variant
containing the GREs of choice in order to drive expression of other transgenes, such as
DREADDs, to study each LepR Agrp cluster further.
Alternatively, single-cell ATAC-Seq can be employed in order to identify GREs enriched
in the LepR clusters of the dataset of Chapter 2. Single or combinations of GREs can be
cloned in front of a minimal promoter and an AAV library can be created, used and validated in a similar way as described above.

Conclusion

To conclude, in part A of this thesis we provide a reliable resource of the cellular identity,
transcriptomic landscape and gene regulatory networks of hypothalamic LepR cells, which
can be further utilized in order to explore potential marker genes and therapeutic targets
for the treatment of diseases of metabolism, such as obesity and diabetes. In part B we
develop and optimize viral vector tools to specifically target neurons based on their neuropeptide content and their connectivity. Recent advances in cell classifications methods
and gene delivery pave the way to create extensive databases of cell types, their features
and ways to study them in more detail, which will facilitate discoveries about their basic
functions and the development of therapeutic interventions to fight diseases.
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Layman’s Summary

Like the world contains millions to trillions of species, the brain is comprised of billions
of cells. As humans, we tend to classify ideas and things into categories in order to better characterize them. For example, species on this planet are categorized based on their
external characteristics, behavior and genes. Similarly, classifications of cells can be made
based on common features of the cells, like their morphology, location in the brain, function
and molecular makeup. Classification of species is established, including humans, worms,
lions etc. Similarly, established classifications of brain cells mainly divide them into main
subgroups: neurons, astrocytes, oligodendrocytes etc. Classifying cells allows us to study
them in more detail. For example, there are groups of brain cells that express dopamine, a
neurotransmitter that is important for movement and motivation. Dopamine neurons are a
minor population of neurons as less that one in every million neurons us a dopamine neuron. Still loss of such a minor population of neurons results in brain disease. Patients with
Parkinson’s disease have a loss of dopamine neurons and movement problems. Studying
very specific minor populations of neurons more extensively may thus help us gain more
knowledge of mechanisms underlying brain diseases.
Classifications are not always definite; one category can contain subcategories. Humans
can be subdivided based on biological sex, into male and female, but also based on race.
Classifications of brain cells can be made also within neurons, e.g. there are dopamine and
serotonin neurons, a classification made based on their protein content or cells can be excitatory and inhibitory based on the neurotransmitter they release. However, classifications
are not always clear-cut and there can be a lot of overlap. For example, a human can be
male, British, a Liverpool fan and blonde. Similarly, a cell can be classified into many different categories depending on different features. Researchers are developing and combining
technologies in order to make better classifications of cells. For example, by looking at the
RNA content of a cell we can create the RNA profile of the cell and see how similar it is
to other cells, therefore subdividing them based not only on one gene/protein but on the
whole RNA profile. This technique is called RNA sequencing.
In Chapters 1 & 2, we explore the RNA profile of particular cell types that are important
for feeding and energy balance in the hypothalamus of the brain, a region that is important
for homeostatic functions, such as feeding, sleep and reproduction. These cell types are
defined by expression of the receptor for leptin, a hormone that is secreted by the fat and
it signals to the brain that the body has enough energy: we need to stop eating and start
utilizing energy. Obese people have increased fat and therefore increased leptin, but leptin
cannot function well through the hypothalamus in order to suppress food intake. Leptin
binds on leptin receptors (LepR) in various subregions of the hypothalamus and exerts its
effects on energy balance through subpopulations of LepR-expressing cells. While LepR
cells have been explored all together (without single-cell or spatial resolution), there is no
information about the RNA profile of LepR cells in distinct subregions of the hypothalamus
or at the single cell level. In Chapter 1, we explore the RNA profile of LepR cells in the
lateral hypothalamus, a subregion that is important for feeding and motivation to work
for food. This information is helpful for future studies on these neurons. In Chapter 2, we
isolate and characterize single LepR cells in the hypothalamus, cluster them into categories
and explore how they respond to low energy.
Classifying cells into categories is also useful for other applications. For example, detecting
a protein commonly expressed in a cell category allows us to visualize the cells under a
microscope and explore their location in the brain as well as their morphology post-mortem. Another thing we can do based on the protein content of a cell category is to use the
genetic code behind the protein in order to guide expression of an exogenous protein that
will allow us to study other aspects of the cell.
Page 178 | 188

Let’s focus on dopamine cells, as an example. For the sake of the example, we would like to
help dopamine cells win the brain cell championship in 2020. How do we utilize the knowledge we have in order to help them win? This is a multi-step process. We already know that
dopamine cells express the enzyme Tyrosine Hydroxylase (TH) which converts tyrosine into
DOPA. TH protein is expressed from the gene that codes for TH, only in dopamine cells.
The factor that drives specific expression of TH is a DNA sequence in front of the TH gene,
called gene promoter. The machinery of the cell recognizes the gene promoter and the cell
starts to create RNA and subsequently protein.
Next, in order to help dopamine cells win the championship this year, we want them to express another protein – let’s call it the Liverpool protein. In order to do this, we can create a
DNA sequence which contains the TH promoter in front of the Liverpool gene. To this end,
instead of expressing TH protein using the DNA sequence ‘TH gene promoter + TH gene’
we create the DNA sequence ‘TH gene promoter + Liverpool gene’ (let’s call it Liverpool
transgene). But, how do we introduce the Liverpool transgene into the dopamine cells,
since we just made it in the lab? To target the Liverpool transgene into the cells, we package it in a viral capsid. A viral capsid is a part of a virus and contains viral DNA. However,
since the viral DNA is usually toxic, we can get rid of it and only use the viral capsid, which
facilitates the entry into the cells. Then, we can encapsulate the Liverpool transgene into
the viral capsid, making a brand-new Liverpool virus. The Liverpool virus can be injected
in the brain region where the dopamine cells are located. The Liverpool virus will interact
with the membrane of the cells and transfer its Liverpool transgene in the cell. The dopamine cell will then recognize the TH promoter and start expressing the Liverpool protein
for a long time. And this is how dopamine cells will win the 2020 championship.
Let’s say, though, that we not only want dopamine cells to win the championship, but also
to study their function in more detail. What happens when they are active? Does increased
activity lead to increased movement, for example? In order to study this, we need to artificially activate dopamine cells in a living animal. How can we do this? It is simple and
complex at the same time. Picture the example of the Liverpool virus above. Now, instead
of expressing the Liverpool protein, we can make dopamine cells express a different protein that will allow us to activate them, i.e. increase their firing. DREADDs are proteins
(receptors) that have been manufactured by researchers. An expressed DREADD by itself
is inactive. However, when the artificial drug Clozapine-N-Oxide (CNO) binds on it, DREADD receptor gets activated and the brain cell starts firing. Therefore, we can create a
DREADD virus containing the sequence ‘TH gene promoter + DREADD gene’ in order to
target dopamine cells and make them express DREADD. When we give the drug CNO to
a living animal with DREADD expression, the dopamine cells of the animal will start firing
and subsequently we can assess whether the animal is moving more.
In Chapter 3, we assessed different gene promoters of neuropeptide genes that are used
to drive expression of DREADD and other transgenes in cells of the hypothalamus of the
brain. We found that whichever promoter we used, injecting too many genetic copies of
the artificial viruses in the hypothalamus led to off-target expression of DREADDs in cells
in which the promoter is normally inactive. Therefore, these artificial viruses should be used
with caution. In Chapter 4, we tried to bring DREADD expression to a subset of dopamine
neurons, which send their axons (projections) to a distal region of the brain. We achieved
this by using a novel version of the DREADD virus combined with a virus that has the special ability to infect the neuron at its terminal sites and travel to the core of the neuron.
When we activated this subset of dopamine cells with CNO, we saw that animals increased
their locomotor activity, therefore validating that the virus system that we used works.
To conclude, in this thesis we tried to understand better the molecular profile of groups
of cells that are involved in energy balance and feeding, attempted to classify them into
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subtypes and explored how they respond to low energy levels. We also optimized and developed genetic tools that allow us to target and characterize specific groups of brain cells.
This knowledge helps neuroscientists to classify cells better and understand their function
in more detail.
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Nederlandse lekensamenvatting
Zoals de wereld miljoenen tot biljoenen soorten bevat, bestaat het brein uit biljoenen
cellen. Als mens hebben we de neiging om ideeën en dingen in te delen in categorieën
om ze zo beter te karakteriseren. Zo worden soorten op deze planeet gecategoriseerd
gebaseerd op hun uiterlijke kenmerken, gedrag en genen. Op dezelfde manier worden
cellen geclassificeerd gebaseerd op algemene kenmerken van de cellen, zoals de morfologie, locatie in de brein, functie en moleculaire samenstelling. De classificatie van soorten
is vastgesteld, en dit omvat onder andere mensen, wormen, leeuwen enz. Op dezelfde
manier verdelen gevestigde classificaties hersencellen in verschillende hoofdsubgroepen:
neuronen, astrocyten, oligodendrocyten, enz. Door cellen te classificeren, kunnen we ze
in meer detail bestuderen. Zo zijn er groepen hersencellen die dopamine tot expressie
brengen, een neurotransmitter die belangrijk is voor beweging en motivatie. Dopamine
neuronen zijn een kleine populatie van neuronen, aangezien minder dan één per miljoen
neuronen een dopamine-neuron is. Toch leidt verlies van een dergelijk kleine populatie
neuronen tot hersenziekten. Patiënten met de ziekte van Parkinson hebben een verlies
aan dopamineneuronen en hebben bewegingsproblemen. Het uitgebreider bestuderen
van specifieke kleine populaties van neuronen kan dus meer inzicht leveren in mechanismes die ten grondslag liggen aan hersenziekten.
Classificaties zijn niet altijd definitief; één categorie kan namelijk meerdere subcategorieën
bevatten. Zo kunnen mensen onderverdeeld worden op basis van biologisch geslacht, in
mannen en vrouwen, maar ook gebaseerd op ras. Op dezelfde manier kunnen classificaties
van hersencellen worden gemaakt binnen neuronen. Zo zijn er dopamine- en serotonineneuronen, een classificatie gebaseerd op het eiwitgehalte of dat cellen exciterend of inhiberend kunnen zijn als gevolg van de neurotransmitter die ze vrijgeven. Classificaties
zijn echter niet altijd eenduidig en er kan veel overlap zijn. Een mens kan bijvoorbeeld
mannelijk, Brits, een Liverpool-fan en blond zijn. Ook een cel kan worden ingedeeld in verschillende categorieën afhankelijk van verschillende kenmerken. Onderzoekers zijn bezig
met het ontwikkelen en combineren van technologieën om cellen beter te classificeren.
Door bijvoorbeeld naar het RNA-gehalte van een cel te kijken, kunnen we een RNA-profiel
ontwikkelen van de cel en bepalen hoe vergelijkbaar dit is met andere cellen, waardoor ze
niet alleen worden onderverdeeld op basis van één gen of eiwit, maar gebaseerd op het
gehele RNA-profiel. Deze techniek wordt ‘RNA-sequencing’ genoemd.
In Hoofdstukken 1 & 2 onderzoeken we het RNA-profiel van specifieke celtypen die belangrijk zijn voor voeding en energiebalans in de hypothalamus van het brein, een gebied
dat belangrijk is voor homeostatische functies, zoals voeding, slaap en reproductie. Deze
cellen worden gedefinieerd door de expressie van de receptor voor leptine, een hormoon
dat wordt uitgescheiden door vetcellen en het brein signaleert dat het lichaam genoeg
energie heeft: we moeten stoppen met eten en energie gaan verbruiken. Mensen met obesitas hebben meer vet en daardoor meer leptine, maar leptine funtioneert niet voldoende
via de hypothalamus om voedselinname te onderdrukken. Leptine bindt aan leptine-receptoren (LepR) in verschillende subregio’s van de hypothalamus en beïnvloedt de energiebalans via subpopulaties van cellen die LepR tot expressie brengen. Howel LepR-cellen gezamenlijk onderzocht zijn (zonder resolutie op het niveau van individuele cellen of
ruimtelijke resolutie), is er geen informatie over het RNA-profiel van LepR-cellen in verschillende subregio’s van de hypothalamus of op het niveau van een enkele cel. In Hoofdstuk 1 onderzoeken we het RNA-profiel van LepR-cellen in de laterale hypothalamus, een
subregio die belangrijk is voor voeding en de motivatie om te werken voor voedsel. Deze
informatie is nuttig voor toekomstige studies over deze neuronen. In Hoofdstuk 2, isoleren
en karakteriseren we individuele LepR-cellen in de hypothalamus, clusteren we deze in
categorieën en onderzoeken we hoe deze reageren op een laag energieniveau.
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Het classificeren van cellen in categorieën is ook nuttig voor andere toepassingen. Het
detecteren van een eiwit dat gewoonlijk tot expressie wordt gebracht in een celcategorie
maakt het mogelijk om de cellen te visualiseren onder een microscoop, en zowel de locatie
in het brein als hun morfologie post-mortem te bestuderen. Iets anders wat we kunnen
doen op basis van het eiwitgehalte van een celcategorie, is om de genetische code van het
eiwit te gebruiken om de expressie van een exogene eiwit te realiseren zodat we andere
aspecten van de cel kunnen bestuderen.
Laten we dopaminecellen als voorbeeld nemen. Ter wille van dit voorbeeld, willen we dopamine-cellen helpen om het kampioenschap van hersencellen in 2020 te winnen. How
kunnen we de kennis die wij hebben, gebruiken om ze te helpen winnen? Dit is een proces
dat bestaat uit meerdere stappen. We weten dat dopaminecellen het enzym tyrosinehydroxylase (TH) tot expressie brengen, dat tyrosine omzet in DOPA. Het TH-eiwit komt tot
expressie door het gen dat codeert voor TH, alleen in dopaminecellen. De factor die specifieke expressie van TH stimuleert is een DNA-sequentie dat zich voor het TH-gen bevindt;
dit heet de genpromotor. De machinerie van de cel herkent deze genpromotor en de cel
begint dan met het creëren van RNA en vervolgens het eiwit.
Om dopaminecellen te helpen om het kampioenschap te winnen dit jaar, willen we dat
ze een andere eiwit tot expressie brengen – laten we dit het Liverpool-eiwit noemen.
Om dit te doen, kunnen we een DNA-sequentie creëren waarin de TH-promotor vóór het
Liverpool-gen geplaatst is. Door dit te doen zorgen we ervoor dat we in plaats van de
DNA-sequentie ‘TH-genpromotor + TH-gen’, de DNA-sequentie ‘TH-genpromotor + Liverpool-gen’ (dit noemen we Liverpool-transgen) tot expressie brengen. Maar hoe introduceren we het Liverpool-transgen in dopaminecellen, gezien we dit net in het lab hebben
gemaakt? Om het Liverpool-transgen in de cellen te krijgen, verpakken we het in een virale
eiwitmantel. Een virale eiwitmantel is een onderdeel van een virus en bevat virale DNA.
Omdat het virale DNA normaal gesproken toxisch is, kunnen we dit verwijderen en alleen
de virale eiwitmantel gebruiken, die de toegang tot cellen faciliteert. Vervolgens kunnen
we het Liverpool-transgen inkapselen in het virale eiwitmantel, waarmee een gloednieuw
Liverpool-virus ontstaat. Het Liverpool-virus kan geïnjecteerd worden in het hersengebied
waar dopaminecellen zich bevinden. Het Liverpool-virus zal interacteren met het membraan van de cellen en zal het Liverpool-transgen in de cel overbrengen. De dopaminecel
zal dan het TH-promotorgen herkennen en begint het Liverpool-eiwit lange tijd tot expressie te brengen. En dit is hoe dopaminecellen het 2020 kampioenschap winnen.
Laten we echter zeggen dat we niet alleen willen dat dopaminecellen het kampioenschap
winnen, maar dat we ook hun functie in meer detail willen bestuderen. Wat gebeurt er als
de cellen actief zijn? Leidt verhoogde activiteit tot meer beweging bijvoorbeeld? Om dit
te bestuderen, moeten we dopaminecellen kunstmatig activeren in een levend dier. Hoe
kunnen we dit doen? Dit is tegelijkertijd simpel en complex. Neem het voorbeeld van het
Liverpool-virus hierboven. Bedenk nu, dat we in plaats van het Liverpool-eiwit tot expressie te brengen, we dopaminecellen een ander eiwit tot expressie willen laten brengen
waardoor we ze kunnen activeren, d.w.z. het vuren van de cellen verhogen. DREADDs zijn
eiwitten (receptoren) die zijn ontwikkeld door onderzoekers. Een DREADD die tot expressie komt is op zichzelf inactief. Echter, wanneer de kunstmatige drug Clozapine-N-Oxide
(CNO) eraan bindt, wordt de DREADD-receptor geactiveerd waarna de hersencel begint
met vuren. We kunnen een DREAD-virus creëren die de sequentie ‘TH-genpromotor +
DREADD-gen’ bevat waarmee we ons specifiek op dopaminecellen kunnen richten en in
die cellen DREADD tot expressie laten brengen. Wanneer we de drug CNO injecteren in
een levend dier waarin DREADD tot expressie wordt gebracht, gaan de dopaminecellen
van het dier vuren en kunnen wij vervolgens beoordelen of het dier meer beweegt.
In Hoofdstuk 3 hebben we verschillende genpromotoren of neuropeptidegenen die

Page 182 | 188

worden gebruikt om DREADD tot expressie te brengen en andere transgenen bestudeerd
in cellen van de hypothalamus van het brein. We zagen dat, ongeacht welke promotor we
gebruikten, het injecteren van teveel genetische kopieën van kunstmatige virussen in de
hypothalamus leidde tot off-target expressie van DREADDs in cellen waarin de promotor
normaal gesproken inactief is. Daarom moeten kunstmatige virussen met voorzichtigheid
toegepast worden. In Hoofdstuk 4 hebben we geprobeerd om DREADD tot expressie te
brengen in een subset van dopamineneuronen, waarvan de axonen (projecties) gericht zijn
op een distaal hersengebied. We hebben dit bereikt door gebruik te maken van een nieuwe versie van het DREADD-virus in combinatie met een virus met het speciale vermogen
om neuronen te infecteren aan de terminale zijde om vervolgens naar de kern van het neuron te verplaatsen. Wanneer we deze subset van dopaminecellen activeerden met CNO,
zagen we dat dieren hun locomotieactiviteit verhoogden, waarmee we dus valideerden
dat het virussysteem dat we gebruikten werkt.
Concluderend, in dit proefschrift hebben we geprobeerd het moleculaire profiel van
groepen cellen die betrokken zijn bij energiebalans en voedselinname beter te begrijpen,
geprobeerd ze te classificeren in subtypes en onderzocht hoe ze reageren op lage energieniveaus. We hebben ook genetische tools geoptimaliseerd en ontwikkeld, waarmee we
ons op specifieke groepen hersencellen kunnen richten en deze kunnen karakteriseren.
Deze kennis helpt neurowetenschappers om cellen beter te classificeren en hun functies in
meer detail te begrijpen.
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